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La théorie, c'est quand on sait tout et que rien ne fonctionne. La pratique, c'est quand 
tout fonctionne et que personne ne sait pourquoi. Si la pratique et la théorie sont 
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L’isolation de la ghréline en tant que ligand endogène du récepteur des GH









sécrétion de GH telles que l’obésité ou l’anorexie mentale. L’obésité et les troubles du
comportement alimentaire représentent des enjeux de santé publique majeurs en
particulierdansnossociétésoccidentales.Ainsi, lacompréhensiondesmécanismesmisen










































Dès les années 1920 les études d’Evans et Long ont montré que l’administration
d’extraitshypophysaires induisait legigantismechez le rat (EvansandLong1922)maisce
n’estqu’en1944que l’hormonedecroissanceest isoléeàpartird’hypophysesbovines (Li
and Evans 1944). La GH est un polypeptide qui appartient à la même famille que la






 La GH est sécrétée par l’hypophyse antérieure directement dans la circulation
généraleetagitauniveaudesestissusciblesparlebiaisdesonrécepteur.Lerécepteurde
laGH(GHͲR)aétéclonéen1987(Leungetal1987).Laprotéineestconstituéede638acides
aminés et possède une structure avec un seul domaine transmembranaire. Le GHͲR
appartientà lasuperfamilledesrécepteursàcytokinesqui inclutplusde25membresdont
lesrécepteursàlaprolactine,àlaleptineouencoreauxinterleukines(Smithetal1999).
UnemoléculedeGH se lieaudomaineextracellulaireduGHͲR cequi conduità la
dimérisationdeceGHͲRavecundeuxièmeGHͲR(Wells1996).Cetteétapededimérisation
est importante pour la transduction du signal GH. En réponse de la liaison de la GH, 2
moléculesJAK2(JanusKinase)sontrecrutéesparles2GHͲR(Argetsingeretal1993).Ellesse
phosphorylent l’une l’autrepuis s’autophosphorylentpourenfinphosphoryler ledomaine
cytoplasmiqueduGHͲR sur les résidus tyrosine (Behnckenet al2000) JAK2phosphorylée
permet le recrutementdedifférentesmoléculesde signalisationdont lesmoléculesde la
familledessignauxdetransductionetactivateursdelatranscription(STAT)(Herringtonetal
2000)(Figure1C).
Desprotéinesde liaisonde laGH (GHBP),présententdans la circulation générale,
régulent l’accésde laGHcirculanteauGHͲR.Sixprotéinesde liaisonontétécaractérisées
(GHBP1à6).LesGHBPsontmajoritairementproduitesparlefoieparépissagealternatifdu
gène du GHͲR chez le rongeur (Baumbach et al 1989, Edens et al 1994) et par clivage
protéolytiqueduGHͲRchezl’hommeoulelapin(Baumannetal1986,Spenceretal1988).












Le GHͲR est largement distribué au sein de l’organisme que ce soit au sein du
système nerveux central (Burton et al 1992) ou en périphérie où il est exprimé dans de
nombreuxorganesmaisprincipalementauniveaudu foie (Lobieetal1990,Watersetal
1990). La GH a de nombreuses actions. Elle stimule la prolifération et la différenciation
cellulaireauniveaudeplusieursorganestelsquelemuscle,lecœur,lespoumonsouencore
lerein;elleparticipeà l’immunitéenstimulant lamaturationdes lymphocytesT;elleest
également impliquée dans la modulation de l’appétit, de la mémoire, des fonctions
cognitivesetdusommeilauniveaucentral.LesdeuxprincipalesfonctionsdelaGHétantla
régulationde lacroissanceetdumétabolismeénergétique(Figure2).Elleagitdirectement







 Les IGFsontprincipalementsynthétiséspar le foieainsiqueparbeaucoupd’autres
tissusde l’organisme, comme lemuscle lisse, lapeau, lespoumons, lesosou encore les
cartilages,etparticipentà lacroissanceet la fonctiondebeaucoupd’organes (Daughaday
andRotwein1989).L’IGFͲ1et2ontdessimilaritésdestructureavecl’insulineetsonttoutes
deuxessentiellespourledéveloppementfœtal(Bakeretal1993)bienqu’aprèslanaissance
seule l’IGFͲ1 soit nécessaire pour la croissance (Le Roith 1997). L’âge, le sexe, le statut
nutritionnel ainsi que la GH affectent les concentrations circulantes d’IGFͲ1. Les
concentrations plasmatiques d’IGFͲ1 sont faibles à la naissance, augmentent au cours de
l’enfanceetde lapubertépourensuitecommenceràdécroitreautourde la trentaine (Le
Roith et al 1997). En ce qui concerne le statut nutritionnel, le jeûne provoque une forte
diminutiondes tauxd’IGFͲ1ainsiqu’une résistanceà laGH (Isleyetal1983).Chez le rat
ayantsubiunehypophysectomie,laGHadministréecentralementouenpériphériepermet
la restaurationde l’expressiond’IGFͲ1 (Yeetal1997).L’IGFͲ1 joueun rôlemajeurdans le
développementdusystèmenerveuxcentralchezl’homme(Woodsetal1997)etenplusde






que la croissance fœtale est indépendante de la GH (Okada and Kopchick 2001).
L’hyposécrétiondeGHdurantlespremièresannéesdedéveloppemententraineunnanisme
etparopposition,l’hypersécrétiondeGHavantlapubertémèneàungigantisme(Cheeket
al 1974). LaGH agitdirectement auniveaudesospourpromouvoir ladifférenciationde














nitrogène (Casanueva 1992). Ainsi la GH promeut des changements dans la composition




1991) et la stimulation de leur synthèse (Horber and Haymond 1990). Ainsi ce sont
probablement les effets contre l’oxydation des protéines associés à la stimulation de la
synthèsedesprotéinesquientrainentuneaugmentationde lamassemaigreaudétriment
delamassegrasseaprèsuntraitementàlaGH.
La GH a de plus une action sur le métabolisme des sucres. Elle a pour effet une




 La sécrétion de GH depuis l’hypophyse antérieure vers la circulation générale est
pulsatilecheztoutes lesespècesétudiées jusqu’àce jour.Lerythmeultradiendesécrétion
de GH varie en fonction de l’espèce et du sexe (Figure 3). D’une manière générale, la
sécrétiondeGHestbiphasiqueavecunealternancedepicssécrétoiresetdevaleursbasales
et une période entre les pics d’environ 2h chez l’homme (Winer et al 1990)) et 3h
(TannenbaumandMartin1976)chezlerat.Chezl’homme,unpictrèsreproductibledeplus






la difficulté d’effectuer des prélèvements sanguins itératifs et du faible volume de ces
prélèvements.Cependantquelqueséquipesontpubliédesdonnées,obtenuessoitgrâceàla
miseenplacedecanulesintracardiaquessoitparlaméthoded’analyse«rankplot»surun
large grouped’animaux,qui laissaientenvisagerunmodede sécrétionpulsatilede laGH
danscetteespèce(MacLeodetal1991).PlusrécemmentSteynetcollaborateursontpublié
uneméthodedeprélèvementssanguinsnoninvasifsetrépétéschezlasourisaccompagnée
d’undosage immunoͲenzymatique (EIA) très sensiblece faisant sur sang total (Steynetal










Figure3:ProfilsdesécrétiondeGHde24hchezleratetl’hommeǤ   ±± ±  





Chez l’homme, les concentrations en IGFͲ1 sont positivement corrélées avec la sécrétion
pulsatile deGH (Veldhuis et al 1995) et chez le rat ayant subi unehypophysectomie, les
injections deGH réalisée de façon répétées sont plus efficaces pour la stimulation de la





 Le schéma de sécrétion sur 24h de laGH change au cours de la croissance et du
vieillissement.LesconcentrationsplasmatiquesenGHsontplusélevéeschezlefœtusqu’en
périodepostͲnataledansdenombreusesespèces incluant l’homme(Gluckmanetal1992).
Chez le rat, une augmentation des concentrations plasmatiques de GH est observée
immédiatementavant lanaissanceetunediminutionàenviron20 joursaprès lanaissance
(Walkeretal1977).LechangementdanslaconcentrationplasmatiquedeGHaumomentde
lapubertéestsexedépendant: l’augmentationseproduitplustôtchez lafillequechez le

















Figure 4: Régulation de la sécrétion de GH par les neuropeptides
hypothalamiques
Lesneuronesqui coͲexpriment laGHRHet lagalanine sont représentésparune superpositionde




 LaGHRHaété isoléedès la findes années1970 (Saeeduz Zafaret al1979)mais
séquencéeseulementquelquesannéesplustard(Guilleminetal1982)àpartirnonpasde
tissus d’origine animale mais à partir d’une tumeur des îlots pancréatiques d’un patient
acromégale,dontlasécrétionectopiqueétaitassociéeavecunehypersécrétiondeGH.Chez
l’hommeauniveaudel’hypothalamus,2formesdupeptideontétéséquencées,GHRH(1Ͳ44)










qui inclutdespeptides telsque leglucagonͲlikepeptide1 (GLPͲ1), levasoactive intestinal
polypeptide (VIP), la secretin, le gastric inhibitory peptide (GIP) ou encore le pituitary
adenylatecyclasseͲactivatingpeptide(PACAP)(Campbelletal1991).
 DeuxtypesdeneuroneàGHRHexistent,lepremierprojetteverslazoneexternede
l’éminencemédianedepuis lenoyau arqué etparticipe à la fonctionhypophysiotrope, le
deuxième projette vers les noyaux paraventriculaire, périventriculaire et dorsomédian
(Sawchenkoetal1985)etsemblentimpliquésdanslarégulationdelavigilance(Zhangetal
1999).L’immunoréactivitéGHRHestprésentemajoritairementauniveaudel’hypothalamus
basal, ce qui est concordant avec une libération de GHRH vers le système porte
hypothalamoͲhypophysaire.De légèresdifférencesdans ladistributionde laGHRHexistent
entre lesespèces.Chez l’homme, lesneuronesàGHRHsont retrouvésdans lenoyauARC
avecdesfibresprojetantversl’éminencemédianeetdanslenoyauventroͲmédian(Blochet
al1984).Chezlerat,laGHRHestprésentedansl’ARC,l’hypothalamusbasoͲlatéral,lenoyau
paraventriculaire, dorsomédian et les parties latérales du ventromédian (Balthasar et al
2003).
Le gène du récepteur de la GHRH (GHRHͲR) a été cloné dans différentes espèces
(l’homme, le rat et la souris), c’est un récepteur à 7 domaines transmembranaires,
caractéristiquedesrécepteurscouplésauxprotéinesG,etconstituéde423acidesaminés
(Gaylinnetal1993,Linetal1992,Mayo1992).LeGHRHͲRestmajoritairementprésentau
sein de l’hypophyse et coͲlocalise avec les cellules somatotropes (Lin et al 1992).  Ce
récepteurestfaiblementexpriméauniveaucentraldanslesnoyauxpériventriculaire,arqué
etventromédiandel’hypothalamus(Takahashietal1995).
 La Liaison de laGHRH à son récepteur a pour conséquence une augmentation de
l’AMPc et du calcium intracellulaire (Bilezikjian and Vale 1983, Brazeau et al 1982), qui
conduitàl’exocytosedesgranulesdesécrétioncontenantlaGH,àl’activationdefacteursde
transcription tel que PitͲ1 (pituitaryͲspecific transcription factorͲ1) qui stimule la
transcriptiondugènedelaGH(Mayoetal1995),etàlastimulationdelaproliférationdes
cellulessomatotropes(Billestrupetal1986).(Figure5)
 In vivo, la GHRH stimule la sécrétion de GH chez les rats conscients ou sous
anesthésie mais également chez les rats ayant subi une destruction du noyau arqué
(Wehrenbergetal1982).LaGHRHestindispensablepourlapulsatilitédelasécrétiondeGH.
L’administration d’un anticorps antiͲGHRH en période néonatal chez le rat ralenti la
croissance (Wehrenberg et al 1984), provoque des défauts de fonction des cellules













d’un précurseur commun, la préprosomatostatine composé de 113 à 116 acides aminés
selon l’espéce (Pradayroletal1980), (Gomezetal1983,Goodmanetal1983).Unautre




al1975,Pelletieret al1975)etenpériphérie au seindu tractusdigestifoudupancréas
(Arimura et al 1975, Leclerc et al 1976). Au niveau de l’hypothalamus, la majorité des
neurones à SRIH sont localisés dans le noyau périventriculaire et 78% de ces neurones
projettentvers lazoneexternede l’éminencemédiane(KawanoandDaikoku1988)mais il
existeégalementdesneuronesàSRIHàprojectionsplus courtesdans lesnoyauxarqués,
ventromédianetdorsomédian(Epelbaum1986,Finleyetal1981,Lipositsetal1988).
Dès1992, lesstructuresd’ADNcodant les5 récepteursde laSRIH (SST1à5)sont
clonés (Pateletal1995,ReisineandBell1995), ce sont tousdes récepteurs couplésaux




entre les différents sousͲtypes et pour un sousͲtype donné, une identité de séquence
supérieureà90%entrelesespèces(Patel1997).
L’activation des SST conduit à une réduction de l’AMPc et de la concentration de
calcium intracellulaire ainsi qu’à une stimulation des protéines à tyrosine phosphatases
(Epelbaum1992,Pateletal1995).(Figure5)
L’expression desmessagers des différents sousͲtypes de récepteurs est largement
distribuée au seindu systèmenerveux centraletde l’hypophyse.Au seinde l’hypophyse
antérieure,lessousͲtypesSST1,SST2,SST3etSST5sontexprimés(Dayetal1995,O'Carroll
andKrempels1995,Patel1997).Uneétudeutilisantdesagonistesamontré l’implication
des récepteurs SST2 et SST5 dans l’action inhibitrice de la SRIH sur la sécrétion de GH










LaSRIHaété initialementdécritecomme inhibant la sécrétion spontanéedeGHà
partirdecelluleshypophysairesprovenantd’unpatientsouffrantd’acromégalieetàpartir
decellulesadénoͲhypophysairesderat (Brazeauetal1973).L’action inhibitricede laSRIH
sur la sécrétiondeGHaétédémontrée chezbeaucoupd’espèces incluant l’hommeet le
rongeur.Invivo,leSRIHinhibelasécrétiondeGHprovoquéeparl’exercice,l’hypoglycémie
et le sommeil, et diminue les niveaux de GH chez les patients atteints de diabète ou
d’acromégalie (BratuschͲMarrain andWaldhausl 1979, Brazeau et al 1973,Di Luigi et al
1997,Masudaetal1990,Müller1987).CependantlaSRIHn’interfèrepasaveclasynthèse,
la transcription,ou laproliférationdescelluleshypophysairessomatotrope (Barinagaetal
1985,Billestrupetal1987,Fukataetal1985,Tanneretal1990),sonretraitentraîneune
augmentationde lasécrétiondeGH tant invitroqu’invivo (Kraiceretal1986,Mikietal
1988).Eneffet,chezlessourisdéficientesensomatostatine,uneaugmentationdesvaleurs
basales et moyennes de GH plasmatique est observée (Low et al 2001). Chez le rat,
l’injectionaiguëd’anticorpsantiͲSRIHn’entraînepasd’altérationdelasécrétionpulsatilede
GHmalgréuneaugmentationdesvaleursbasalesdeGH (Ferlandetal1976).Cependant,
lorsque l’antiͲSRIH est infusé 6h durant chez le mouton, une inhibition de la sécrétion
pulsatile de GH est observée (Frohman et al 1990). Ces derniers résultats suggèrent
l’implication d’une interaction entre SRIH et GHRH au sein de l’hypothalamus pour la
régulationdelapulsatilitédeGH.Enfin,laGHexerceunrétrocontrôlenégatifsursapropre
sécrétion via son récepteur le GHͲR se trouvant sur les neurones à SRIH du noyau
périventriculaire de l’hypothalamus (Burton et al 1992). Ce rétrocontrôle conduit à la
libérationdeSRIHetparconséquentàunediminutionde lasécrétionhypophysairedeGH
(Chiharaetal1981).










Figure 5: Représentation schématique des mécanismes de transduction des




en se liantà son récepteur,active lavoiede l’adénylate cyclase (Ac)et la formationd’AMPcquivia laPKA
(protéine kinase A) favorise l’entrée de calcium dans la cellule et induit l’exocytose des vésicules de GH.







 La présence d’une immunoréactivité SRIH au niveau des terminaisons axonales au
seindunoyauarquéetventromédian,deuxrégionsauniveaudesquellesilyaproductionde
GHRH, suggère une interaction entre ces deux neuropeptides (Figure 4). Par
immunohistochimie, plusieurs varicosités axonales somatostatinergiques ont été trouvées
entourant lesneuronesàGHRH(Lipositsetal1988),ceciconcordeavec l’hypothèsed’une
association synaptique. De plus au sein de la zone externe de l’éminence médiane, les





preuves quant à l’interaction entre la SRIH et la GHRH. L’une d’elle a montré une coͲ
localisationdessitesdeliaisondelaSRIHmarquéeàl’iode125danslenoyauarquéavecles













partie dépendante de la GHRH hypothalamique (Murakami et al 1987). Parallélement,
l’administration intracérébroͲventriculaire d’anticorps antiͲSRIH a pour conséquence une
élévation de la concentration en GHRH au niveau du système porte hypothalamoͲ
hypophysaire (Plotsky and Vale 1985). Des lésions électrolytiques dans l’aire préͲoptique
médiane (MPOA) ou dans l’hypothalamus antéroͲlatéral ont pour effet d’éliminer tout
marquage immunologique dans l’éminence médiane et provoquent une élévation de la
concentration plasmatique de GH accompagnée de l’abolition de la pulsatilité de sa
sécrétion(Katakamietal1988)
 ChezleratmâlequiasubiceslésionsdanslaMPOAetchezlequellaconcentration
plasmatique de GH est augmentée, l’administration d’anticorps antiͲGHRH inhibe la
sécrétiondeGH (Katakamiet al1988).Des injections intracérébroventriculairesdeGHRH
conduisentàuneinhibitiondelasécrétiondeGHpassantparuneaugmentationdestauxde
SRIH au niveau du système porte hypothalamoͲhypophysaire (Mitsugi et al 1990). Il est
égalementimportantdenoterquelaGHRHnepeutstimulerlasécrétiondeGHquelorsque
letonussomatostatinergiqueestbas(TannenbaumandLing1984).ͶǤͳǤͳǤͶǤDimorphismesexueldumodedesécrétiondeGH
Desdifférences liéesau sexedans le contrôlede la sécrétiondeGHpar la SRIHet la
GHRH existent, particulièrement chez le rat, mais également chez les primates. Elles
comprennent une différence de réponse à la GHRH exogène (Clark and Robinson 1985,
Wehrenbergetal1985),dunombredecellulesGHRHetSRIHimmunoréactives(Ganzettiet
al1986)ainsiquedel’expressiondeGHRHetSRIHdansl’hypothalamus(Argenteetal1991,








 L’injection aigüe d’anticorps antiͲSRIH chez des rats mâles provoque une





les rats mâles mais augmente ces valeurs basales chez la femelle (Painson and
Tannenbaum1991).
 Chez les ratscastrés, la testostérone induit l’augmentationde l’expressiondeSRIH
(Argenteetal1991,ChowenͲBreedetal1989)etchez les femelles, l’ovarectomie
conduit à une augmentation de l’expression de SRIH qui est réversée par
l’administrationd’oestradiol(Grillietal1996).
Ledimorphismesexuel liéà l’expressiondugènede laSRIHestvisibledès10 jours (postͲ
natal)etestobservabletoutaulongdudéveloppement(Argenteetal1991).Chezlafemelle,
le mode de libération de la somatostatine en partie influencé par l’effet inhibiteur des
estrogènes semble ainsi être continu plutôt que cyclique. Ceci influançant ensuite les
niveaux de base de sécrétion de GH qui sont plus élevés chez les individus de ce sexe
(Janssonetal1984).ͶǤͳǤͳǤͷǤLesautresfacteurshypothalamiques
 LeneuropeptideY:NPY
 Le NPY est un peptide de 36 acides aminés isolé à partir de cerveau de porc
(Tatemotoetal1982)etestunmembrede la familledespolypeptidespancréatiquestrès
abondant au sein du système nerveux central (Allen et al 1983). Au niveau de
l’hypothalamus, cepeptideest très abondantdans lenoyau arquéet lesneuronesqui le
synthétisent projettent en majorité vers le paraventriculaire mais également vers le
périventriculaire(deQuidtandEmson1986).
LeNPYpossèdeuneactioninhibitricesurlasécrétiondeGH.Chezlerat,soninjection
en i.c.v. inhibe lasécrétiondeGH (McDonaldetal1985)et l’injectiond’unanticorpsantiͲ
NPYproduit,aucontraire,uneélévationdesconcentrationsplasmatiquesenGH(Rettoriet
al1990).Cetteaction inhibitriceduNPYsur lasécrétiondeGHpourraitêtrerelayéepar la
stimulationde la libérationdeSRIHcommecelaaétémontré invitro (Rettorietal1990).
Cette dernière donnée est renforcée par la démonstration de l’existence de connexion
synaptique entre les terminaisons axonales contenant le NPY et les neurones à SRIH au






En effet, des terminaisons nerveuses à NPY sont retrouvées à proximité des neurones à
POMC (Brobergeretal1997,Horvathetal1992)etàgalanine (Horvathetal1996)et les




La CRH est un peptide de 41 acides aminés capable de stimuler la sécrétion
d’hormonecorticotrope (ACTH)àpartirde l’hypophyseantérieure (Spiessetal1981).Elle
estsynthétiséepardesneuronesprincipalementsituésdans lenoyauparaventriculairede
l’hypothalamus(Swansonetal1983)dontunepartieenvoiedesprojectionsversl’éminence
médiane et est responsable des actions hypophysiotropes du peptide. La CRH réduit la
sécrétiondeGHbasaleou induitepar laGHRHchez lerat(Katakamietal1985,Onoetal












La galanine est un peptide de 29 acides aminés (Bedecs et al 1995), largement
distribué au sein du système nerveux central et particulièrement au niveau de
l’hypothalamus.LesneuronesàgalaninecoͲlocalisentenpartieavec lesneuronesàGHRH
dunoyauARCetpossèdentdes terminaisonsnerveusesauniveaude l’éminencemédiane
(Bertherat et al 1995, Cuttler 1996). Chez l’homme et le rat, la galanine induit
l’augmentationde lasécrétiondeGH(Baueretal1986,Ottleczetal1986)et joueunrôle
dans la génération des pics de GH: l’injection d’un anticorps antiͲgalanine conduit à
l’altérationdelapulsatilitédelasécrétiondeGH(Bertheratetal1995).Lagalaninestimule
la libération de GHRH à partir d’explant hypothalamique in vitro (Kitajima et al 1989,






sécrétion de GH induite par la galanine (Cella et al 1988). La galanine agit également
directement auniveaude l’hypophysepour stimuler la libérationdeGH (Guerineauet al
1990).
 Lesautresneuropeptideshypothalamiques




convertases spécifiques des différents tissus produit plusieurs peptides dérivés et
biologiquement actifs: opioïdes (métͲenképhaline) et endorphines (EͲendorphine), ACTH,
mélanotropines(D,EetJͲMSH)etCLIP.L’administrationchez leratde l’ɲͲMSHoude laɴͲ
endorphine entraîne l’augmentation des concentrations plasmatiques de GH (Bruni et al
1977,Rivieretal1977).
 La thyréolibérine (TRH) stimule la sécrétiondeGH auniveaude l’hypophyse aussi
bien invivoqu’invitro(Boockforetal1985,LeDafnietetal1985)et l’inhibeauniveaude
l’hypothalamusvialesneuronesàSRIH(Harveyetal1990,Katakamietal1985).







 Au niveau central les voies adrénergiques stimulent la sécrétion de GH via le
récepteurɲ2Ͳadrénergiquechezl’hommeetlerat(Mülleretal1989).Ainsi,l’inhibitiondela
synthèsed’adrénalineoudelanoradrénalineinhibelespicsspontanésdeGHetceteffetest
restauré par la clonidine, agoniste des récepteurs ɲ2Ͳadrénergiques (Krulich et al 1982,
NegroͲVilaretal1979).Deplusl’activationdesrécepteursɲ2Ͳadrénergiques,chezdesrats,
induit une augmentation des concentrations plasmatiques de GH accompagnée d’une
augmentation des contenus hypophysaires enGH (Cella et al 1986). Ce dernier effet des
récepteursɲ2ͲadrénergiquessurlasynthèsedeGHsembleenpartiedépendantdelaGHRH
hypothalamique (Mikietal1984).Encequiconcerne l’effetde l’activationdesrécepteurs
ɲ1Ͳadrénergiques sur la sécrétion de GH, les données sont moins claires. Il en ressort
cependantque l’activation de ces récepteurs conduit à l’inhibition de la sécrétion deGH





 La sécrétion de GH est également impactée par l’activation des récepteurs ɴͲ























































 La sécrétion deGH estmodulée par une interaction complexe entre la SRIH et la
GHRHquichezleratmâleconduitàunesécrétionplusatiledeGHd’unepériodicitéde3,3h
d’après l’une des premières études s’étant intéressé au rythme de sécrétion de GH
(TannenbaumandMartin1976).Quelquesannéesplustardlepremiermodèledegenèsedu
rythme ultradien de sécrétion deGH est proposé (Tannenbaum and Ling 1984).Dans ce
modèle,SRIHetGHRHsontsécrétésenoppositiondephasedepuis l’hypothalamusver le
systèmeportehypothalamoͲhypophysaire,laSRIHestàl’originedesvaleursbasalesetdela
genèsedu rythmedesécrétiondeGHalorsque laGHRHmodule l’amplitudedespics.De
plus, lapériodicitédespicsdeGHde3,3hest intégréeàcemodèle.Cependantcemodèle




la régulationnégativedesneurones àGHRHde lapartde la SRIH ainsique labouclede
rétrocontrôlepositifexercéeparlaGHsurlesneuronesàSRIH(Wagneretal1998).En2002,
Farhyetcollaborateursdéveloppentunmodèlealgorithmiquepermettantdemodéliser la
régulation de la sécrétion de GH, ce modèle prend en compte le dimorphisme sexuel
observé ainsique le rétrocontrôlenégatifde laGH sur lesneuronesàGHRH (Farhyet al
2002).LapériodicitéaléatoiredespicsdesécrétiondeGHchez lafemelleseraitdueàune
libérationplusvariabledeSRIH(Farhyetal2002,MacGregorandLeng2005).Enfinen2009,






lavieeten fonctiondusexe, leshormones thyroïdiennesou lescytokines (Table1).Seuls




 L’insulinͲlike growth factor I participe à la croissance et la fonction de beaucoup
d’organes et est synthétisée principalement dans le foie (Daughaday and Rotwein 1989).




hypophysaire invitroet stimule la libérationdeSRIHàpartird’explantshypothalamiques
(Berelowitzetal1982).Invivo,l’injectionICVd’IGFͲ1supprimelasécrétiondeGHspontanée
chez le rat (Tannenbaum et al 1983). L’IGFͲ1 a également une action inhibitrice sur




Les glucocorticoïdes amplifient l’action de la GHRH sur les cellules somatotropes
(Micheletal1984,Tamakietal1996).Parallèlement, l’administrationdedexamethasone,





pour stimuler la synthèse et la libération de GH (Thakore and Dinan 1994). Cependant
l’infusion longuedequantité supraphysiologiquede glucocorticoïdes réduit la croissance
somatique(Loeb1976),lasécrétionspontanéeouinduitedeGHchezlerat(Weietal1993)
etl’homme(FrantzandRabkin1964,Kaufmannetal1988)ainsiquelaconcentrationd’IGFͲ
1 circulante (Thakore and Dinan 1994). Ces effets inhibiteurs de hautes doses de
glucocorticoïdes sont principalement attribués à la stimulation de la SRIH (FernandezͲ
Vazquezetal1995,Nakagawaetal1987).Pourconclure,en fonctionde ladoseetde la
longueurde l’administration, lesglucocorticoïdesprovoquentdeux typesde réponses:en





système nerveux central pour la régulation de la prise alimentaire et de la dépense
énergétique(Zhangetal1994).Le rôleet lesmécanismespar lesquels la leptinerégule le
comportementalimentaireserontdétaillésdans lepremierchapitrede ladeuxièmepartie
consacréeaucomportementalimentaire.









de NPY dans le noyau ARC (Schwartz et al 1996). Ces résultats suggèrent que l’action
stimulatrice de la leptine sur la sécrétion de GH passe en partie par l’inhibition de ces
neurones. La leptine semble également agir en diminuant la libération de SRIH et en
augmentantcelledeGHRH.Ainsi,suiteàl’administrationd’anticorpsantiͲGHRH,lasécrétion




La sécrétion de GH en réponse à l’hypo ou l’hyperͲglycémie varie en fonction de
l’espèce.Chezl’homme,l’hypoglycémie,qu’ellesoitounonprovoquéeparl’insuline,stimule
la sécrétion de GH (Brodows et al 1973) alors que l’administration de glucose l’inhibe
(Scanlon et al 1996). Chez le rat, l’hypoglycémie inhibe la sécrétion pulsatile de GH
(Tannenbaum and Martin 1976). Cet effet inhibiteur de l’hypoglycémie semble lié à une










 La ghréline a été découverte comme le ligand endogène du récepteur des GH
sécrétagogues(Kojimaetal1999),ellestimuleainsilasécrétiondeGH.Lerôledelaghréline
pour la sécrétion de GH sera détaillé dans la troisième partie au sein du chapitre 2
concernantlesfonctionsdespeptidesdérivésdelapréproghréline.
4.2.4.LaGH:rétrocontrôlenégatif
 Les premières données ont montré, chez le rat avec des tumeurs somatotropes
ectopiques,uneréductiondescontenushypophysairesdeGH (McDonaldetal1985).Puis
desobservationsallantdans lemêmesensontétéréalisées :chez lerat, l’infusiondeGH
bloque la libération de GH induite par l’hypoglycémie (Muller and Pecile 1966), chez
l’homme, le traitementà laGHprévient l’élévationdes tauxdeGH circulante induitepar













largement exprimé au sein des noyaux paraventriculaire, périventriculaire et arqué de
l’hypothalamus (Burton et al 1992). Au niveau des noyaux  périventriculaire et















 L’homéostasieénergétiquedépendde la capacitéde l’organismeàajuster laprise







Figure 6: Représentation schématique de la régulation de l’homéostasie
énergétique.(WoodsetD’Alessio2008)
1.1.Régulationàcourtterme
 Chez la plupart des vertébrés la prise alimentaire se fait sous forme de «repas».
Plusieursfacteurspeuvent influencer l’initiationdesrepas,comme l’odoratou lavue,alors










participe également au maintien de l’homéostasie énergétique. Des neurones glucoͲ








intégrés sein du système nerveux central au niveau de neurones sensibles aux lipides se
trouvant notamment dans la LHA (Oomura et al 1975). De plus, le type de lipides joue




 L’innervation du tractus gastroͲintestinal comporte des récepteurs sensoriels
sensiblesà latexturedesalimentsmaisaussiaustressmécanique (Smith1996).Suiteà la
prise alimentaire, ces informations sont immédiatement transmises au système nerveux
centralpar lebiende fibresafférentesauniveaudunoyaudu tractussolitaire (NTS)pour





 Plusieurs hormones gastriques informent le système nerveux central de l’état









particulièrement synthétisée par les cellules LͲentéroendocrines du duodénum et du
jéjunum(Buffaetal1976).LaconcentrationdeCCKaugmenterapidementàlasuited’un
repas (Liddle et al 1985) notamment en présence de lipides et de protéines dans la
lumière intestinale (Sayegh and Ritter 2003). L’administration périphérique de CCK








Wank et al 1992). La CCK agit principalement par l’intermédiaire du récepteur CCK1
(Melville et al 1992), qui est présent sur les fibres vagales afférentes innervant la
muqueuseintestinalemaisaussiauniveaucentraldansleNTSetl’hypothalamus(Moran
et al 1986). Ces fibres projettent vers le NTS au niveau du tronc cérébral et sont
impliquéesdanslaterminaisondesrepas.Ainsi,lavagotomiegastriquebloqueleseffets
satiétogènesdelaCCK(Smithetal1981).LessourisdéficientespourlerécepteurCCK1
(CCK1 Ͳ/Ͳ)ontunemassecorporelle identiqueàcelledessourissauvagescependant la
structurede leurs repasdiffère (Bietal2004).Sous régime richeengraisse, lessouris
CCK1 Ͳ/Ͳ continuent de manger la même quantité de nourriture que sous régime
standard alors que chez les souris sauvages une diminution de la taille des repas est
observée(Whitedetal2006).Ainsi ilsembleque lerécepteurCCK1soit impliquédans














carbohydrates et de lipides (Adrian et al 1985, Greeley et al 1989). L’administration







(Larhammar 1996), qui sont exprimés au niveau des neurones à NPY du noyau ARC
(Brobergeretal1997).L’injectiondePYY(3Ͳ36)directementauniveaudunoyauARCinhibe
la prise alimentaire comme l’administration d’un agoniste spécifique des récepteurs Y2
(Lumbetal2007).Desétudessuggèrentque leseffetsanorexigènesduPYY(3Ͳ36)passent
par l’inhibition des neurones à NPY et par une augmentation modérée de l’activité des





Comme lePYYet leNPY, lePPestmembrede la familledespeptidespancréatiques.





Comme lePYY (3Ͳ36), lePPexerce seseffetsvia la familledes récepteursY, se fixant
préférentiellementauxsoustypesY4etY5 (Larhammar1996).Enplusdeseseffetssur la
prisealimentaire,lePPréduitlavitessedelavidangegastrique.Lessouristransgéniquesqui








LeGLPͲ1estunpeptidede30acidesaminés sécrétédans la circulationgénéraleà la






1988). Auniveaupériphérique, leGLPͲ1est impliquédans la régulationde l’homéostasie
glucidiquepar lebiaisde lamodulationde lavidangegastriqueetde la stimulationde la
sécrétiond’insuline(D'Alessioetal1996).LesconcentrationscirculantesdeGLPͲ1s’élèvent
après un repas et le jeûne réduit l’expression de préͲproglucagon au niveau de l’intestin
(Hoytet al1996).Chez le rat, l’administration aiguedeGLPͲ1 auniveaudu3e ventricule
entraineunediminutionde laprisealimentairesur2h (Turtonetal1996).Chez l’homme,





Le récepteur du GLPͲ1 est exprimé au niveau du système nerveux central dans des
régions impliquées dans le contrôle de la prise alimentaire comme le noyau
paraventriculaire,lenoyausupraͲoptiqueoulenoyauARC(Kanseetal1988,Shughrueetal
1996)maisaussiauniveaudutronccérébraldansleNTS(Gokeetal1995).L’administration






L’oxyntomoduline  a été identifiée pour son action inhibitrice sur les glandes
oxyntiquedel’estomac(Dubrasquetetal1982).CommeleGLPͲ1,l’OXMestsynthétiséepar
lescellulesLͲentéroendocrinesdel’intestinetauniveaudusystèmenerveuxcentral.L’OXM
est également sécrétée à la suite d’un repas et sa concentration est proportionnelle aux
calories ingérées (Ghateietal1983,LeQuellecetal1992).Chez l’hommeet lerat, l’OXM
promeutlasatiété.L’administrationeni.c.v.oudirectementauniveauduparaventriculaire
oudel’ARCd’OXMréduitlaprisealimentaire(Dakinetal2001,Dakinetal2004).
Aucun récepteur spécifique de l’OXM n’a été identifié à ce jour, mais des résultats
suggèrentquel’actiondel’OXMpourraitpasserparlebiaisdesrécepteursduGLPͲ1(Baggio
etal2004,Dakinetal2004).A lasuited’une injectionpériphériqued’OXM,uneactivation








dans lecontrôlede laprisealimentaireseradétailléedans latroisièmepartieauniveaudu
chapitre2consacréau rôledespeptidesdérivésde lapréproghrélinedans lecontrôledu
comportementalimentaire.
1.2.Régulationàlongterme
 Larégulationà longtermede l’homéostasieénergétiquereposeprincipalementsur
deuxhormonesquireflètentl’étatdel’adipositécorporelle:l’insulineetlaleptine(Figure6).
Cesdeuxhormonesontdestauxcirculantsproportionnelsàlamassegrassecorporelle,sont
anorexigènes et stimulent la perte de poids alors que leur inhibition entraine une
augmentationde laprisealimentaireetde lamassecorporelle (Schwartzetal2000).Des
étudeschezlesinvertébrésontmontréquel’insulineestunacteurclédanslarégulationde





le contrôle de l’homéostasie glucidique (Saltiel and Kahn 2001). Elle est sécrétée par les
cellulesɴdupancréasendocrineenréponseà l’ingestiondenutriments(glucoseouacides
aminés)maiségalementàlasuited’unestimulationparleshormonesgastriquesincrétines
telles que le GLPͲ1 (GlucagonͲlike peptide 1) ou GIP (Glucose dependant insulinotropic
peptide)(D'Alessioetal2001).
En plusde ces actionsenpériphérieen faveurde la captureetdu stockagedu glucose,
l’insulineexerceun rôleauniveau central. L’injection i.c.v. chroniqued’insuline conduità
unediminutiondelaprisealimentaireetdelamassecorporelle(Woodsetal1979).
L’insulineagitauniveau centralpar lebiaisde son récepteurquiestprésentdans
l’hypothalamusnotammentauniveaudunoyauARC (Baskinetal1988,vanHoutenetal













déficientes en leptine présentent une obésité et une hyperphagie qui peuvent être
normaliséespar l‘administrationde leptine (Halaasetal1995).L’injection i.c.v.de leptine
entraineunediminutiondelaprisealimentaireainsiquedelamassecorporelle(Seeleyetal
1996).Deplus, chez les sourisob/ob l’expressionde laPOMCest réduite (Thorntonetal
1997)alorsquecelledeNPYetAgRPestaugmentée(Schwartzetal2000,Shutteretal1997)
et un blocage de la signalisation des neurones à mélanocortine diminue la réponse à la
leptine(Seeleyetal1997).
L’actiondelaleptinepassedoncenpartieparcesneuronesàNPY/AgRPetPOMCde
l’hypothalamusauniveaudesquelsestexprimé la forme longue (LeprB)du récepteurà la
leptineparlequellamajoritédeseffetsanorexigènesdelaleptinesontvéhiculés(Cheunget
al1997,Merceretal1996).Lerécepteurdelaleptineappartientcommelerécepteurdela
GHà lasuperfamilledesrécepteursdecytokinesetaprès liaisondeson ligandtransduit le
signalpar lavoieJAKͲSTAT(Bjorbaeketal1997).Ladélétiondesrécepteursà la leptineau




une diminution de la prise alimentaire et de masse corporelle (Grill and Kaplan 2001)
suggérantuneactiondelaleptineauniveaudutronccérébraloùl’expressiondurécepteur
de la leptineaégalementété trouvéeau seinduNTS  (Merceretal1998a,Merceretal
1998b).







régionsprincipales: l’hypothalamuset le tronc cérébral. Lapremière région recevantdes
signauxde lapériphérieprincipalementdes signauxditsd’adipositéexerçantun contrôle
négatif et la deuxième recevant des informations immédiates de la part notamment du
tractusgastroͲintestinalsur laquantitéet laqualitédesnutriments ingérés. (Figure6).Les









signaux hormonaux provenant de la périphérie. Ce noyau contient les neurones dits de
«premier ordre», les neurones à NPY/AgRP ou POMC/CART qui exercent des effets
orexigènes et anorexigènes respectivement. Ces neurones possèdent des projections
axonalesauniveauderégionscontenantdesneuronesditsde«secondordre»tellesquele










Figure 7: Schéma représentant l’organisation des neurones impliqués dans le
contrôleducomportementalimentaire
3V: troisièmeventricule,ARC:noyauarqué,NPY:neuropeptideY,AgRP:agoutiͲrelatedpeptide,
POMC: proopiomélanocortine, CART: cocaïne amphétamine related transcript, MCH: melanin














1985).Chez lerat, le jeûneconduitàuneaugmentationde l’expressiondeNPYet laprise
alimentairerestaurelesniveauxdebase(DaviesandMarks1994).L’administrationi.c.v.de
NPY stimule la prise alimentaire chez le rongeur (Clark et al 1984) et chez d’autres
mammifèrestelsquelemoutonoulesinge(Larsenetal1999,Mineretal1989).
L’injection répétée de NPY directement au niveau du noyau paraventriculaire sur
plusieurs jours conduit à l’hyperphagie, l’augmentation de la masse corporelle ainsi qu’à
l’augmentation des stocks de graisse (Stanley et al 1986). L’un des effets du NPY est
égalementladiminutiondelathermogénèseauniveaudutissuadipeuxbrun(Billingtonetal
1991). Ainsi le NPY promeut le gain d’énergie en favorisant la prise alimentaire
parallèlement à la diminution de la dépense énergétique. L’administration
d’oligonucléotidesantiͲsensde l’ARNmduNPY (Hulseyetal1995)oud’anticorpsantiͲNPY
(Shibasakietal1993)entraineuneréductiondelaprisealimentairecumuléeengendréepar
une diminution de la taille et de la durée des repas ainsi qu’une réduction de la masse
corporelle.
Les sourisayant subi l’ablationdesneuronesNPY/AgRPdès lapériodenéonataleainsi
que lessourisdéficientesenNPYprésententuneprisealimentaireetunemassecorporelle
équivalenteàcelledessourissauvages(Ericksonetal1996),suggérant lamiseenplacede
systèmesdecompensationset lacapacitéde la leptineàréduire laprisealimentairen’est
pas altérée chez ces souris déficientes en NPY. Cependant l’ablation des neurones à
NPY/AgRPà l’âgeadulteentraineune forte réductionde laprisealimentaire (Luquetetal
2005)suggérantlamiseenplaced’unsystèmedecompensationlorsdelacroissancequine
peutl’êtreunefoisarrivéàl’âgeadulte.
Les effets du NPY sont exercés par le biais de la famille des récepteurs Y,
préférentiellementparlessoustypesY1etY5.LesantagonistesdurécepteurY1suppriment
leseffetsduNPY sur laprisealimentaire (Kanatanietal1998,Morganetal1998)et les
sourisdéficientesenrécepteurY1neprésententpasd’augmentationdelaprisealimentaire
induitepar leNPYetontunerenutritionplusfaibleà lasuited’un jeûne(Kushietal1998,
Pedrazzini et al 1998). Les antagonistes du récepteur Y5 inhibent également la prise









et al 1997). C’est un antagoniste (ou un agoniste inverse) endogène des récepteurs à
mélanocortines, MC3R et MC4R (Ollmann et al 1997, Quillan et al 1998). Au niveau du
systèmenerveuxcentral, l’AgRPestexclusivement synthétiséedans lenoyauARCpardes
neurones qui projettent vers les noyaux paraventriculaire, dorsomédian ou encore l’aire
hypothalamique latérale (Shutter et al 1997). L’expression de l’AgRP est fortement coͲ
localisée(90%)aveccelleduNPYdanslenoyauARC(Brobergeretal1998,Hahnetal1998),
ces neurones à NPY/AgRP agissent en faveur de la stimulation de la prise alimentaire.
Comme l’expressiondeNPY,cellede l’AgRPaugmentesuiteàun jeûne (Hahnetal1998).








MCH sont résistantes à l’obésité induite par un régime riche en graisse, cette résistance
étant due à une augmentation de la dépense énergétique et de l’activité locomotrice






al 1998). Les neurones à orexines sont localisés principalement au niveau de l’aire
hypothalamique latéraleetprojettentversungrandnombrede régions etau niveaude
l’hypothalamusauseindeplusieursnoyauxdontleVMH,l’ARC,leDMHetlePVN.
Les orexines exercent leurs effets par le biais de deux récepteurs: OX1 et 2.
L’administration d’orexine A ou B entraine une augmentation de la prise alimentaire
(Sakuraietal1998).DesinteractionssynaptiquesentrelesneuronesàorexineetàMCHont








Lesneurones àorexines et àMCH sont également impliquésdans les rythmesde
veille/sommeil ce qui conforte l’interaction entre le statut métabolique et l’état de
veille/sommeil(Verretetal2003).
 Lesneuronesà26RFA
Le26RFAestunpeptideprésentchez tous lesvertébrésetappartientà la familledes
peptidesRFamide(Chartreletal2011).Chezlasourisl’administrationi.c.v.de26RFAinduit
une augmentation de la prise alimentaire (Chartrel et al 2003, DoͲRego et al 2006). Le
26RFA est exprimé au niveau de l’hypothalamus dans les noyaux VMH, ARC ainsi qu’au
niveaudelaLHA(Gouarderesetal2004)etlejeûneauneffetstimulateurdel’expressionde
cepeptideauniveauhypothalamique(Takayasuetal2006).Le26RFAexerceseseffetspar
le biais de son récepteur le GPR103 qui est également exprimé dans plusieurs régions






1997). L’ɲͲMSH est exprimée au niveau de l’ARC et duNTS au sein du système nerveux
central(Dubeetal1978,PelletierandDube1977).Leseffetsdel’ɲͲMSHsontrelayésparles
récepteursMC3etMC4présentsauniveaude l’hypothalamus (Oosterometal1999).Les
délétionsdesgènesde laPOMC,MC3RouMC4Rentrainent l’obésité (Huszaretal1997,
Yaswen et al 1999) chez la souris suggérant que la signalisation mélanocortine est




observéchez lessourisdéficientessélectivementenPOMCd’originecentrale  (Smartetal












LepeptideCARTest initialement identifié commeétant régulépositivementà la suite
d’une administration de cocaïne et/ou d’amphétamine (Kuhar and Dall Vechia 1999).
L’administration centrale de CART chez le rongeur provoque la diminution de la prise
alimentairealorsquel’infusiond’unanticorpsantiͲCARTconduitàl’effetopposé(Lambertet




déficientes en CART développent une obésité due à une augmentation de la prise
alimentairesousrégimericheengraisse(Asnicaretal2001)etunemutationdugènecodant
pour leCARTchez l’hommeaété liéeàuneobésitésévèreainsiqu’àune réductionde la






L’administration centrale de CRH induit une inhibition de la prise alimentaire et une
réductionde lamassecorporellechez le rat (HeinrichsandRichard1999).Chez l’homme,
l’administration périphérique de CRH provoque une augmentation de la dépense
énergétique et de l’oxydation des lipides (Smith et al 2001). L’expression de la  CRH est
particulièrement abondante au niveau du noyau paraventriculaire de l’hypothalamus




















les neurones se fait par le biais des neurotransmetteurs que ce soit au niveau de
l’hypothalamusoudanslerestedusystèmenerveuxcentral.Ainsil’activationdesrécepteurs
NMDA au niveau de la LHA stimule la prise alimentaire (Stanley et al 1993) alors que
l’infusion localed’unantagonisteNMDAbloque laprisealimentaire induitepar l’agoniste
(Stanleyetal1996)suggérantunrôleimportantdusignalglutamatergiquedanslecontrôle
ducomportementalimentaire.Deplus,desdonnéesanatomiquesauniveaudunoyauARC
suggèrent que les neurones à NPY contiennent majoritairement du GABA alors que les
neuronesàPOMCsignalplutôtvialeglutamate(Collinetal2003,Horvathetal1997).Ainsi,
une étude récente rapporte que l’anorexie chez les souris délétées de leurs neurones a
NPY/AgRPà l’âgeadulte seraitdueà lapertedu signalGABA sur lesneuronesde second
ordre (Wu et al 2009). Cette observation est confirmée par une étude utilisant
l’optogénétique pour stimuler spécifiquement les neurones à POMC ou AgRP et dans
laquelle lastimulationaïguedesneuronesàAgRPconduitàuneaugmentationde laprise
alimentaire conséquence d’un signal GABAergique sur les neurones de second ordre
anorexigènesdesnoyauxparaventriculaireouparabrachial(Aponteetal2011,Williamsand
Elmquist2011).Ainsilarégulationàcourttermedelaprisealimentaireparlesneuronesà






























les signaux neurosensoriels et le système mélanocortine pour la terminaison des repas.
Parallèlement,desneuronesglucoͲsensiblesontététrouvésauniveauduNTS(Mizunoand
Oomura1984)ainsiquedesneurones répondantà laghréline (Faulconbridgeetal2008).
Tousces résultats suggèrentque leNTSn’estpasuniquement laciblede signauxviscéroͲ
sensoriel et intègre également beaucoup d’informations sur l’état métabolique de
l’organisme.

2.2. Le contrôle non homéostasique de la prise alimentaire: le système de
récompense
 Laprise alimentaire liée àun contrôlede l’homéostasieénergétique résulted’une






La notion de récompense liée à la prise alimentaire est tout d’abord générée au
niveaudes récepteursdugoûtetdesneurones situés sur les fibresafférentesarrivantau




palatables. La LHA comprend des neurones impliqués dans la stimulation de la prise
alimentairedontlalevéedel’inhibitiondueal’activationducircuitderécompenseconduità
l’augmentation de la prise alimentaire (Kelley et al 2005). Parallèlement, elle reçoit des
projections depuis le noyau ARC qui a un rôle clé, comme vu précédemment, dans le
maintiende l’homéostasieénergétiquefaisantdecetterégionuncentrededialogueentre
les signaux issusdu systèmede récompense etdu contrôlede l’équilibrehoméostasique
(Figure9).
 Le système de récompense est ainsi soumis au contrôle des signaux régulant
l’homéostasie énergétique. La restriction en nourriture, augmente la valeur de la
récompenseassociéeàlaconsommationdedrogues(Carrolletal1979,Stuberetal2002).
L’insuline et la leptine sont suggérées comme faisant le lien entre la régulation de
l’homéostasieénergétiqueetlecircuitderécompense.Ladiminutiondelaconcentrationde
ces deux hormones suite à une restriction calorique ou un jeûne entraine une levée de
l’inhibitionexercéeparceshormonessur lesystèmederécompense (Figlewiczetal2004,
Fulton et al 2000). Ainsi, l’administration centrale d’insuline ou de leptine conduit à la
diminutionde lapréférencepour le sucrose (Figlewiczet al 2004) et à ladiminutiondes
effets du système de récompense induits par le jeûne (Fulton et al 2000). Au niveau
cellulaire,l’insulineetlaleptinecontribuentàl’augmentationdelarecapturededopamine











A. Le circuit de la récompense comprend les neurones de la VTA qui projettent vers le
prosencéphaleetnotammentverslenoyauaccumbens,lestriatumetlecortex.
B. Undialogueexisteentre lecircuitde larécompenseet lecircuit intégrant les informations











(Seim et al 2007) ou après clivage protéolytique par les enzymes convertases (PC1/3)
















taux de ghréline plasmatique en comparaison avec des patients contrôles (Leonetti et al








la ghréline est identique et diffère de la forme humaine de seulement 2 acides aminés
(Smithetal1999,vanderLelyetal2004).




étéappeléeghrelinͲOͲacyltransferaseouGOAT.Comme laghréline, laGOATest largement
distribuéemaiselleestmajoritairementretrouvéeauniveaudel’estomacetcolocaliseavec
laghrélineauniveaudutractusgastroͲintestinal(Gutierrezetal2008,Yangetal2008).La
ghrélineacyléeaété initialementdécritecomme le ligandendogènedurécepteurauxGH
sécrétagogues (GHSͲR 1a) (Kojima et al 1999, Tomasetto et al 2000).Dès les années 80
commencelasynthèsedepeptidesdérivésdelamétenképhalineetcapablesdestimulerla
sécrétion deGH à la fois in vitro et in vivo, ainsi en 1984 est synthétisé leGHRPͲ6 (GHͲ
releasingpeptide6)(Bowersetal1984)c’estlepremiercomposé,ayantperdusonactivité
d’opiacé, d’une famille que l’on nommera les GH sécrétagogues et qui ont tous pour
récepteur leGHSͲR.LeclonageduGHSͲRest intervenuequelquesannéesavantcellede la
ghrélineàpartird’hypophysedeporc(Howardetal1996)etaconduitàl’isolationdecette
dernière par Kojima et collaborateurs par une méthodologie de pharmacologie inverse
(Kojimaetal1999).L’octanoylationdelaghrélineestnécessairepoursafixationsurleGHSͲ
R1aetsonactivation(Bednareketal2000).




dans la régulationde la signalisationduGHSRͲ1aet l’accésde cedernierà lamembrane
plasmique(Chowetal2011).Auniveaudel’hypophyse,lafixationdelaghrélinesurleGHSͲ
R1aactivelaphospholipaseC(PLC)quimèneàl’activationd’inositolͲtriͲphosphate(IP3)qui
permet lamobilisationdes stocks intracellulairesde calciumet l’activationde laprotéine
kinase C (PKC). L’activation de la PKC mène à l’ouverture des canaux calciques voltages
dépendants(Adamsetal1998,HerringtonandHille1994,Howardetal1996).(Figure11)
















2001, Smith et al 1999, Zigman et al 2006) dans des structures impliquées dans la
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observéesdans lacirculation.Deplus, lamajoritéde laghrélineacyléecirculanteest liéeà
desprotéinesde liaison,notammentdes lipoprotéines, alorsque la formenon acyléene
l’estpas (Beaumontet al2003,DeVrieseetal2007,Patterson2005)et le groupement







 L’obestatine a été identifiée quelques années après la ghréline, elle est issue du
clivagede lapartieCͲterminalede lapréproghréline (Zhang2005).C’estunpeptidede23
acidesaminésmajoritairement synthétisédans l’estomacetdansunemoindremesureau
seindu restedu tractusgastroͲintestinal, la rateet lecortexcérébral. Initialementdécrite























 Le premier effet décrit de la ghréline acylée a été son effet stimulateur de la




niveau des neurones àGHRH du noyau ARC pour en stimuler la libération. Cet effet est









des GH sécrétagogues sur la sécrétion de GH est plus importante sur des préparation
hypothalamoͲhypophysairesquesurdeshypophysesseules(Bowersetal1991,Clarketal
1989,Malozowskietal1991)cequiestconfirméparuneétudemontrantque laghréline
stimule lasécrétiondeGH invivod’un facteurplusdedeux foisplus importantqu’invitro
(Tolle et al 2001). De plus au niveau hypothalamique, la ghréline acylée active dans un
deuxième temps les neurones à NPY qui eux même ont une action stimulatrice de la
libération de SRIH (Rettori et al 1990) (Figure 13). Enfin, la relation entre le rythme de
sécrétion de GH et celui de la ghréline n’est pas clairement établie (Tolle et al 2002)
suggérantque la ghrélinemodule l’amplitudedespicsdeGHplutôtque la genèsede sa
sécrétionpulsatile.Ce résultatest confirméparuneétudedans laquelle l’utilisationd’un
antagonistespécifiqueduGHSͲR1amèneàladiminutiondel’amplitudedespicssécrétoires






















de GH cependant des souris transgéniques surexprimant la ghréline non acylée ont une
modesteréductiondeleurtaille(Ariyasuetal2005).
 Bien que n’ayant pas d’effet propre sur la sécrétion deGH (Bresciani et al 2006,
Yamamotoetal2007),chezlerat,l’obestatineantagonisel’augmentationdelasécrétionde
GHinduiteparlaghrélinelorsquecesdeuxpeptidessontadministrésdansdesproportions
équimolaires (Zizzari et al 2007). L’action inhibitrice de l’obestatine sur les effets de la
ghrélinesurlasécrétiondeGHnesefaitpasauniveaudel’hypophyse(Zhang2005,Zizzari
et al 2007) et au niveau de l’hypothalamus les régions qui pourraient être les cibles de




 Enplusdesonactionen faveurde lasécrétiondeGH, laghrélineacyléeexerceun
fort effet orexigène après une injection aigue (Tschop et al 2000), c’est le seul peptide
orexigènedutractusgastroͲintestinal.Laghrélineacyléeexerceceteffetstimulateurde la
prisealimentaireenactivant lesneuronesàNPY/AgRP(Kamegaietal2001,Nakazatoetal
2001, Shintani et al 2001) par le biais de son récepteur, le GHSͲR 1a (Sun et al 2004).
L’actionorexigènedelaghrélineacyléeestindépendantedelaGH,ceteffetétanttoujours
observéchez lesanimauxdéficientsenGH (Tschopetal2000).Deplus, laghrélineacylée
auraitun rôledans l’initiationdes repas (Cummingsetal2001,Diéguezetal2010)et les
comportements liés à la recherche de nourriture tels que l’éveil ou l’activité (Cummings




prisealimentaires sontpeunombreuses. L’administration i.c.v.deghrélinenonacyléen’a
pas d’effet sur la prise alimentaire chez des rats nourris ad libitummais que ce peptide
diminue laprisealimentairechezdesratsprivésdenourrituredepuis16h(Asakawa2005).
Enoutre, laghrélinenonacyléen’apasd’effetpersesur laprisealimentairemaisquecoͲ
administrée avec la ghréline acylée elle diminue les effets de cette dernière sur la prise
alimentaireetl’activationneuronaledanslenoyauARC(Inhoffetal2008).
 Les résultats concernant l’effet de l’obestatine sur la prise alimentaire sont très
contradictoires, sur un total de 20 études seules 5 ont reproduit l’effet anorexigène
initialementmisenévidenceparZhangetcollaborateurs(Zhang2005),15autresétudesne
montrentaucuneffetde l’obestatineconcernant laprisealimentaire(Annemieetal2009).








 In vivo comme in vitro la ghréline acylée influence négativement la sécrétion
d’insuline agissant directement au niveau du pancréas (Colombo et al 2003, Egido et al
2002,Reimeretal2003)etstimulelasécrétiondeglucagon(Chuangetal2011,Qaderetal
2005).Ces effetsde la ghréline acyléepassentpar l’activationduGHSͲR1a. Eneffet, les
sourisdéficientespourcerécepteurontuneglycémieplusbasseainsiqu’uneréductiondu
taux de glucagon (Dezaki et al 2006) et l’administration d’un antagoniste du GHSͲR 1a
favoriselalibérationd’insulineinduiteparleglucoseàpartirdepancréasmurins(Sunetal
2007).Laghrélineacylées’opposeàl’actiondel’insulineeninhibantl’activitéd’Akt,enzyme
impliquéedans la cascadede signalisationde l’insuline,et stimule lesenzymes clésde la














 La ghréline acylée a un pouvoir adipogène (Tschop et al 2000), cet effet a été
démontréaussibien invitroqu’invivo (Barazzonietal2005,Choietal2003,Wrenetal
2001). L’administrationde ghréline acylée à long termeentraineune augmentationde la
masse grasse aussi bien chez le rongeur que chez l’homme. Cependant, l’administration










2004, Kola et al 2005) et en périphérie elle stimule la lipoprotéine lipase, la fattyͲacyl
synthaseetl’expressiondufacteurdetranscriptionadipogéniquePPARɶ(Buyseetal2009).
De plus au niveau des adipocytes, la ghréline acylée inhibe la lipolyse induite par la
signalisationɴͲadrénergique(Baraglietal2011,Mucciolietal2004)ainsique la libération
delipides(Rodriguezetal2009).
Les données obtenues avec la ghréline non acylée montrent un effet adipogéne
identiqueà celuide laghrélineacyléemais indépendantduGHSͲR1a (Baraglietal2011,
Mucciolietal2004,Thompsonetal2004).Ceteffets’exercedirectementauniveaudutissu
adipeux, aussi bien chez le rongeur que chez l’homme, par le biais de l’inhibition de la
lipolyseetdelastimulationdel’accumulationd’acidesgras(Mucciolietal2004,Rodriguez
etal2009).










al 2009, Kojima and Kangawa 2010)). Aucune étude ne décrit l’effet de la ghréline non
acylée sur la sécrétiondeshormoneshypophysaires. L’administrationd’obestatinequ’elle




La structure primaire de la ghréline présente une homologie de séquence avec la
motiline(Asakawaetal2001,Tomasettoetal2000)peptideayantunrôledanslamotricité
gastrique.Ainsi,desétudesontmontré l’implicationde laghrélinedans lamotilitégastroͲ
intestinale (Masuda et al 2000). La ghréline administrée en i.v. ou en i.p. provoque
l’accélérationde lavidangegastriqueenpériodepostprandialechez l’animalcommechez
l’homme (Binnet al2006, Levinet al2006,Murrayet al2005).Ceteffetde la ghréline
passeraitpar lebiaisdesafférencesvagalesquiprojettentauniveauduNTSet seraitpar
conséquent impliqué dans le phénomène de satiété (Fujino et al 2003). Les données















dépression.Ainsi,plusieursétudesontmontréque la ghréline acylée augmentede façon






modèles de souris déficientes en GHSͲR 1a ou en ghréline montrent que la ghréline
endogène a plutôt un effet anxiolytique d’après l’étude comportementale (avec de tests
permettantdemesurerl’anxiétéchezlasouris)effectuéechezlessourisdéficientespourle





que chez le rongeur (Tolleetal2002,Weikeletal2003).Chez le rat, laghréline stimule






al 2001, Takaya et al 2000). La ghréline, comme les GH sécrétagogues synthétiques,
pourraient se révéler être un outil thérapeutique intéressant dans le traitement des
pathologiesassociéesàundéficitenGH.Ainsi,chezdesenfantsdepetitetaille(Laronetal
1995) ou des enfants déficients en GH l’administration de GH sécrétagogues tels que




croissance. Il en va de même chez de jeunes adultes chez lesquels l’administration de
MK0677entraîneuneaugmentationdelasécrétiondeGHetdestauxd’IGFͲ1(Chapmanet
al 1997). Des essais avec la ghréline ou des GH sécrétagogues synthétiques pour le
traitementde lacachexieontrapportédeseffetsbénéfiques.Ainsi laghrélinerétablitune
balance énergétique positive de façon dépendante ou indépendante de la GH chez des
patientsatteintsdecachexieassociéeàdesdéfautscardiaques(Nagayaetal2004,Nagaya
andKangawa2006).Encequiconcerne l’anorexiementale, l’utilitédestraitementspar la
ghréline n’est pas encore prouvée. En effet, les études sur les effets de la ghréline sont
encore très préliminaires et les résultats ne sont pas toujours concordants (Broglio et al
2004a,Hottaetal2009,Miljicetal2006).

3. Les modèles animaux: révélation des rôles des peptides endogènes
dérivésdelapréproghréline
3.1.InvalidationduGHSR
Aux vues des rôles exercés par la ghréline sur la sécrétion de GH et la prise
alimentaire, des souris de plus petite taille et plus minces étaient attendues après
l’invalidationdesonrécepteur,leGHSR.Cependant,lessourisdéficientespourleGHSR,ghsr
Ͳ/Ͳ, ne sontpaspluspetites et leur comportement alimentaire est identique à celuides
souris sauvages (Sunetal2004).Ellesprésententnéanmoinsunediminutionmodéréede
leurmassecorporelleetdestauxd’IGFͲ1.L’administrationdeghrélinechezlessourisghsrͲ/Ͳ






pourraient s’expliquerpar ladifférenced’âgeaudébutdu régimeHFDet suggèrerque la
ghréline aurait un rôle clé pendant la période de croissance rapide. Toutefois,  ces
différencespourraientégalements’expliquerparladifférencedefondgénétiquedessouris
ghsrͲ/ͲouencorepardesdifférencesdanslacompositionenlipidesdesrégimesHFDentre
les deux études. Les souris de l’étude de Sun et collaborateurs étant sur fond génétique
C57BL/6etcellesdeZigmanetcollaborateursétantsurunfondgénétiquemixte(C57BL/6J:
129sv).UneétudeplusrécenteamontréquelessourisghsrͲ/ͲsurfondgénétiqueC57BL/6
neprésentaientpasde résistanceà l’obésité induiteparun régimeHFDmême lorsquece






Lessourisghsr Ͳ/Ͳ comme lessourissauvagesontunediminutionde leurstauxde
leptineetd’insulineetprésententlamêmeréponseàlareͲnutritionsuiteàunjeûnede24h
(Sunetal2004).Soumisesàunerestrictioncaloriquede50%,lessourisghsrͲ/Ͳprésentent
une diminution de leur masse corporelle, identique à celle des souris sauvages, mais
accompagnéed’unehypoglycémiemodérée(Sunetal2007).
3.2.InvalidationdelaGOAT
 Les souris invalidées pour la GOAT, goat Ͳ/Ͳ,  et par conséquent déficientes en
ghrélineacyléeneprésententpasdedifférencedetaille,demassecorporelleouadipeuse
par comparaison aux souris sauvages lorsqu’elles sont nourries par un régime standard




 Sous un régime riche en triglycérides à chaine moyenne les souris goat Ͳ/Ͳ
présententunebaissede lamasse corporelleetde lamassegrasseaccompagnée d’une
élévation de la dépense énergétique alors que la prise alimentaire est légèrement
augmentée(Kirchneretal2009).Danslamêmeétude,lessourissoumisesàunrégimeHFD
classique (avec 60% des calories apportées par les lipides) présentent uniquement une
résistance à l’obésité induitepar le régimemais aucun changementde leurmétabolisme
énergétique.
 Des résultats contradictoires existent en ce qui concerne le phénotype des souris




(Yiet al2012).Cettedifférencede résultatspourraitêtreexpliquéeparune composition
différenteencarbohydratesdesdeuxrégimes,unâgedifférentdessouris(plusjeunesdans
lapremièreétude)ainsiquedesfondsgénétiquesdifférents(mixteC57BL/6:129svpourla





de leurprisealimentaireouencoredu rythme circadiende leurprisealimentaire lorsque
comparéesauxsourissauvages(DeSmet2005,Sunetal2003,Wortleyetal2004).Deplus










souris sauvages suggérant une utilisation préférentielle des lipides plutôt que des
carbohydrates.DepluslorsquelerégimeHFDestdébutéàunâgeplusprécoce,3semaines
aprèslesevrage,lessourisghrlͲ/Ͳprésententunediminutiondeleurmassecorporelleetde
leur masse grasse associée à une augmentation de leur dépense énergétique et de leur
activitélocomotriceencomparaisonaveclessourissauvages(Wortleyetal2005).Cesdeux
derniers résultats suggèrent un rôle de la ghréline dans la régulation du métabolisme
énergétique notamment chez les jeunes souris ce qui concorde avec les observations
effectuéeschezlessourisghsrͲ/Ͳ(Wortleyetal2005,Zigmanetal2005).
 Aprèsun jeûne, lesconcentrationsplasmatiquesde leptineetd’insulinedes souris
ghrlͲ/Ͳ sont identiques à celles des souris sauvages, il en va de même pour leur prise
alimentairedurantun jeûnede24hetà l’arrêtde celuiͲci (Sunetal2003,Wortleyetal
2004).Enfin,commelessourisghsrͲ/Ͳ,lessourisghrlͲ/Ͳsoumisesàunerestrictioncalorique
de50%présententunediminutionde leurmasse corporelle, identique à celledes souris
sauvages,maisaccompagnéed’unehypoglycémiemodérée(Sunetal2007).
 Lerôledelaghrélinedanslarégulationdumétabolismeglucidiqueaégalementété
exploré chez des souris ob/ob, déficientes en leptine chez lesquelles la ghréline a été
supprimée (souris double knockͲout, ghrlͲ/Ͳ;ob/ob). Chez ces souris obèses, l’absence de
ghrélinenemodifiepaslamassecorporellemaisaméliorelaglycémieainsiquelasécrétion
d’insuline induite par le glucose (Sun et al 2006). Ainsi la ghréline semble également
impliquéedanslarégulationdel’homéostasieglucidique.
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L’expressionet la sécrétiondespeptidesdérivésde lapréproghrélinevarientau coursdu
développementembryonnairepuisenpériodepostͲnatalainsiqu’àl’âgeadulte.
4.1.Durantledéveloppement
 L’expression de la ghréline est détectée très tôt au cours du développement
embryonnaire,dèslestadedemorula(Kawamuraetal2003)etdesniveauxsignificatifsde





également exprimée au niveau de cellules ghréline spécifiques au sein du pancréas
endocrine:lescellulesɸ(Pradoetal2004).L’expressiondeghrélineauniveaudel’estomac
augmentepetitàpetitaprès lanaissancepouratteindre leniveauobservéà l’âgeadulte
autourde3à5semainesdevie(Hayashidaetal2002,Torselloetal2003).L’expressionde
la ghréline pancréatique suit le chemin opposé en diminuant progressivement de la
naissance jusqu’à lapuberté,périodeàpartirde laquelle l’expressiondeghrélineest très




et al 2008). Ainsi en période périnatale la ghréline aurait plutôt un rôle dans le








préprandiale et une baisse après les repas (Toshinai et al 2001). Chez le rat, une










rat, la ghréline acylée et l’obestatine sont sécrétées dans la circulation générale avec un















 Plusieurs études se sont intéressées aux variations dans les concentrations
plasmatiques des peptides dérivés de la préproghréline notamment dans des conditions
physiopathologiquesnotammentdans lecasdepathologies liéesàdesdéséquilibresde la
balanceénergétique.
5.1.Ensituationdedénutrition






pathologie du foie) (Nagaya et al 2001, Shimizu et al 2003, Tacke et al 2003). Plus
précisément, la concentration de ghréline acylée ainsi que le ratio ghréline acylée sur
ghrélinetotalesontaugmentésetinversementcorrélésàl’indicedemassecorporelle(IMC).
Paradoxalement,ilsemblequel’administrationdeghrélineaituneffetbénéfiquesurlaprise
alimentaire de certains patients atteints de cachexie comme mentionné précédemment
(Nagayaetal2004,NagayaandKangawa2006).
 L’anorexiementale est une pathologie caractérisée par une restriction de la prise
alimentairevolontairemenantàunétatdedénutritionmajeuretàunefortediminutionde
lamassecorporelle.Toutes lesétudesquisesont intéresséesàcettepathologieontdécrit
des concentrations plus élevées de ghréline acylée et totale chez les patientes atteintes
d’anorexie mentale de type restrictif (ANͲR) par rapport à des sujet sains contrôles




concentration plasmatique d’obestatine ainsi que le ratio ghréline sur obestatine ont été
retrouvésdiminuéschezdespatientesatteintesd’ANͲRencomparaisonavecdespatientes





 De façon intéressante, lesconcentrationsplasmatiquesdeghrélineacyléeet totale
sontretrouvéesplusbasseschezlespatientesatteintesd’anorexieaccompagnéed’épisodes









ghréline (Tschopet al2001b) suggérantunmécanismed’adaptation à l’excèsde l’apport
calorique.Cedéficitenghrélinesemblemajoritairementdûàladiminutiondeconcentration
plasmatique de la ghréline non acylée (Barazzoni et al 2007b, Mackelvie et al 2007,
Rodriguezetal2010)alorsquelaconcentrationenghrélineacyléeestaugmentée,diminuée
ou inchangée en fonctions des études (Pacifico et al 2009a, Pacifico et al 2009b).
Concernant l’obestatine, lesdonnéessontcontradictoires,certainesétudesretrouventdes
taux plus élevés chez les patients atteints d’obésité alors que d’autres les retrouvent
abaissés(Guoetal2007,Vicennatietal2007,Zamrazilovaetal2008).
 Parmitous lescasd’obésité, lesyndromedePraderWilli(PWS)est leseulcaspour
lequel lesconcentrationsplasmatiquesdesdifférentesformesdeghrélinesontélevées.Ce
syndrome, dû à une délétion du bras court du chromosome 15, est caractérisé par une
hyperphagie et une déficience en GH entre autres symptômes. Les études s’étant
intéresséesàcesyndromerapportentuneaugmentationdestauxplasmatiquesdeghréline










(1à3%au seinde lapopulationgénérale)etassociéàunpoidsplus faibleau seind’une
cohortedepatientsobèses (Ukkolaetal2001)et lesporteursde l’allèleGln51présentent
uneprévalenced’apparitiondusyndromemétaboliqueplusfaiblequelesporteurdel’allèle
Arg51(Steinle2005).




































Chez leratcomme lasouris, l’obestatineestsécrétéedans lacirculationgénéraleen
quantités équimolaires à la ghréline chez des animaux nourris ad libitum et ce ratio est
modifiédansdifférentessituationsphysiologiquesouphysiopathologiques(jeûne,anorexie,
obésité).Lorsquel’obestatineestadministréeenquantitéséquimolairesàlaghréline,celleͲ
ci inhibepartiellement laprise alimentaireet la sécrétiondeGH induitespar la ghréline.
Toutefois, l’origine de l’interaction entre ces deux peptides dérivés de la préproghréline
resteàdéterminer.Parailleurs,despolymorphismesdans legènede lapréproghrélineont
étédécritsdansdifférents troublesnutritionnelsetmétaboliqueschez l’Hommemais leur
impactphysiologiquen’ajamaisétéexploré.Undecespolymorphismesestlocalisédansla
partiedu gènede lapréproghréline codantpour l’obestatinehumaine (Q90L)etpourrait
avoirunimpactsurlafonctiondupeptide.Lepremierobjectifdecettethèseadoncété:
 Decaractériserleseffetsd’administrationséquimolairesdeformesnatives(Gln90)
et mutées (Leu90) d’obestatine sur la sécrétion de GH et la prise alimentaire
induitespar laghrélineet leurssitesd’interactionauniveaudusystèmenerveux














Les rôlesdespeptidesdérivésde lapréproghréline sont trèsdivers.Pour tester leurs
effets,nousdisposonsd’unmodèledesourisKOpréproghrélinequinedevraientsynthétiser
aucundecespeptidesdérivés.Alorsque l’actionstimulatricede laghrélineexogènesur la
sécrétiondeGHet laprisealimentaire sontbienétablis, le rôlede laghrélineendogène,
danslecontrôledelasécrétionpulsatiledeGHnotamment,n’ontpasencoreétédécrits.Le
deuxièmeobjectifadoncété:
 Dedéterminer lerôlede lapréproghrélineendogènesur lasécrétionpulsatilede
GH et lecomportementalimentairechez lasouris(Partie II).Lacaractérisationet
l’utilisation d’un modèle de souris ghrlͲ/Ͳ nous as permis d’étudier le rôle de la
préproghrélineendogènesurlasécrétiondeGH.

Plusieurs agonistes et antagonistes du GHSͲR1a ont été développés ces dernières
années,cesontautantd’outilspermettantdemieuxcomprendre le fonctionnementde la
signalisation ghréline acylée/GHSͲR1a pour la régulation de la sécrétion de GH et du
comportementalimentaire.Ledernierobjectifaainsiété:
 De mieux comprendre la régulation de la signalisation ghréline acylée/GHSRͲ1a
impliquée dans la sécrétion de GH et le comportement alimentaire (Partie III).
Notamment en comparant l’effet de différents agonistes et antagonistes




























sécrétion deGH via l’activation de son récepteur, leGHSͲR 1a. Ce dernier est largement
distribuéauseindusystèmenerveuxcentraletplusparticulièrementauniveaudunoyau
ARCdel’hypothalamusetdansleNTSdansletronccérébral(Guanetal1997,Zigmanetal
2006),deuxrégions impliquéesdans lecontrôleducomportementalimentaireet/oude la
sécrétiondeGH.AuseindunoyauARClesneuronesàNPYetàGHRHexprimentleGHSͲR1a
(Tannenbaumetal1998,Willesenetal1999) etsontdesciblesde l’actionde laghréline
pour lecontrôlede laprisealimentaireet lasécrétiondeGH (DicksonandLuckman1997,
Tannenbaum2003,Wangetal2002).Cependantlesited’actiondel’obestatineestinconnu
ainsique le lieudeson interactionavec laghréline.Deuxétudes issuesdu laboratoireont
montréquel’interactionentrelaghrélineetl’obestatinepourrégulerlasécrétiondeGHne
se situaitpas auniveauhypophysaire (Zizzariet al2007)mais auniveauhypothalamique
(Fengetal2011).Pourcetteétudenousavonsainsiémisl’hypothèsequelesdeuxpeptides
interagissaient au niveau de l’hypothalamus et du tronc cérébral pour réguler le
comportementalimentaire.
Afin de tester notre hypothèse de travail, nous avons tout d’abord comparé
différentes approches immunohistochimiques permettant de quantifier l’activation
neuronale au sein de nos régions d’intérêt ainsi que différents modèles de souris
transgéniquesexprimant laGFP (GreenͲFluorescentͲProtein),protéine fluorescenteservant
de rapporteur, sous le contrôle du promoteur du gèneNPY ouGHRH (Chapitre de livre,
NeuromethodsVol.70,Springerscience).
Dans un deuxième temps, nous avons étudié l’interaction entre la ghréline et
l’obestatineauniveaudel’ARCetduNTSenquantifiantl’activationneuronaleauseindeces
deux régions.Puis afind’identifier les sousͲpopulationsneuronales impliquéesdans cette
interaction,nousavonsquantifiél’activationneuronaleàl’aided’approchesanatomiqueset
éléctrophysiologiques au sein des neurones àNPY etGHRH grâce auxmodèles de souris
transgéniquesexprimantlaGFPétudiéesprécédemment(Article1,enrévision,PLoSOne).
 Enfinchezlerongeur,cesontdesratioséquimolairesdeghrélinesurobestatinequi





l’interaction entre ces deux peptides sur le contrôle du comportement alimentaire et la
sécrétiondeGH (Article1,en révision,PLoSOne).Nousavonsdeplus testé l’importance
fonctionnelled’unpolymorphisme,Q90L(laglutamineenposition90estsubstituéeparune
leucine),présentdans la séquencecodantepour l’obestatine sur leseffetsdecepeptide.
Parmilespatientesatteintesd’anorexie,cellesquiportentcepolymorphismeprésententun
indice de masse corporelle minimum plus bas (Dardennes et al 2007). Les expériences
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Chapter 10
Visualization of Activated Neurons Involved in Endocrine  
and Dietary Pathways Using GFP-Expressing Mice
Rim Hassouna, Odile Viltart, Lucille Tallot, Karine Bouyer, Catherine 
Videau, Jacques Epelbaum, Virginie Tolle*, and Emilio Badoer*
Abstract
Neuropeptide Y (NPY) and growth hormone releasing hormone (GHRH) neurons in the hypothalamic 
arcuate nucleus play an important role in the neuroendocrine control of energy homeostasis and growth 
hormone secretion. These neuropeptides are synthesized in such small quantities that the common prac-
tice was to use colchicine, a neuronal transport inhibitor, to enhance the levels of neuropeptides in the cell 
body in order to visualize them by immunochemistry. However, colchicine also induces a marked increase 
in c-Fos levels, suggesting that it affects other mechanisms than solely axonal transport. The development 
of transgenic mice expressing fluorescent proteins under the control of specific neuropeptide promoters 
allows direct visualization of specific cell population within the central nervous system. The use of these 
genetic tools alleviates the need for colchicine pretreatment and can thus be combined with techniques 
aimed at detecting activated neurons, using the protein c-Fos, as a marker.
In the present article we discuss different variants of green fluorescent protein (GFP), which vary in 
brightness, cellular localization and can be differentially expressed through the use of different promoters, 
to visualize GFP-positive neurons. We also address methods to ensure that the GFP fluorescent signal is 
optimized during additional immunohistochemical procedures. We compared different GFP constructs in 
which the fluorescence exhibits variable levels of intensity or cellular localization. Recent developments 
with new GFP variants expressed under the control of strong promoters may provide enhanced and 
increased stability of fluorescence. Two examples are mice expressing an enhanced GFP protein in GHRH 
neurons and the NPY-Renilla-GFP mouse, in which a long bacterial artificial chromosome sequence as a 
promoter and a free cytoplasmic GFP renders the signal more stable and brighter than other variations of 
GFPs. In these examples GFP expression is localized mostly in cell bodies, and these two models are advan-
tageous for studies investigating the phenotypical identity of neurons activated by physiological stimuli, 
like ghrelin. Differential subcellular expression of GFP is highlighted by the NPY-Tau-Sapphire-GFP mice 
in which the blue-shifted GFP variant (Sapphire-GFP) is fused to the tau sequence, allowing its cellular 
targeting to axon terminals thereby making this model suitable for studies investigating neuronal 
terminals.
Key words: c-Fos, Green fluorescent protein, Antibody, Fluorescence, Immunohistochemistry, 
 NPY-Tau-Sapphire-GFP, NPY-Renilla GFP


































R. Hassouna et al.
Due to its localization and the proximity of the fenestrated capil-
laries of the median eminence, the arcuate nucleus of the hypo-
thalamus is a key target for peripheral signals that provide the 
central nervous system with information concerning the body’s 
nutritional needs (1). The vast majority of these signals, originat-
ing either from adipocytes such as leptin or from endocrine cells 
along the gastrointestinal tract, such as PYY or CCK, are anorexi-
genic (2). In contrast, ghrelin is the only orexigenic hormone syn-
thesized in the gastrointestinal tract and is a long-term regulator of 
energy homeostasis (3). Originally ghrelin was isolated from the 
stomach as the endogenous ligand for the growth hormone secre-
tagogue receptor (GHS-R) (4, 5) and its ability to stimulate 
Growth hormone (GH) secretion. Several populations within the 
arcuate nucleus, including Growth Hormone Releasing Hormone 
(GHRH) and Neuropeptide Y (NPY) neurons, express GHS-R1a 
receptors (6, 7) and are activated by ghrelin (8–10). NPY neurons 
in the hypothalamic arcuate nucleus play an important role in the 
neuroendocrine control of energy homeostasis. NPY neurons are 
also present within the dorsal vagal complex, more specifically in 
the nucleus tractus solitarius (NTS), a region that is also consid-
ered as a satiety center and receives information from peripheral 
signals, partly mediated by afferent nerves traveling through the 
vagal nerve bundle.
Usually, neuropeptides are synthesized as prepropeptides in 
small quantities and immediately targeted to the terminals and thus 
cannot be visualized in the cell bodies using conventional immu-
nohistochemistry. Therefore, it was common practice to use colchi-
cine, an inhibitor of microtubule polymerization to block 
neuropeptide transport and artificially enhance its expression in the 
soma. This requirement has been overcome by the development of 
transgenic mice expressing fluorescent proteins under the control 
of specific neuropeptide promoters that allow direct visualization 
of specific cell populations within the central nervous system. 
Several transgenic mouse models allow the identification of GHRH 
and NPY neuronal populations through the expression of green 
fluorescent protein (GFP) reporting tool. GFP-expressing mice 
alleviate the need for colchicine treatment and can be combined 
with conventional immunohistochemical techniques to identify 
activated neurons by detecting the protein c-Fos, a marker of 
increased neuronal activity (11).
In the present article the visualization of GFP-positive neurons 
is described. As not all GFP-expressing neurons may express 
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novel developments with GFP has allowed enhanced signal inten-
sity and increased fluorescence stability. One recent example is the 
development of the strong Renilla-GFP-expressing mouse under 
the control of the NPY promoter (12).
 1. GHRH-eGFP transgenic mice (13) expressing the jellyfish 
aequorea victoria enhanced green fluorescent protein (eGFP) 
under the transcriptional control of a rat GHRH hypothalamic 
promoter
 2. NPY-Tau-Sapphire-GFP mice expressing the blue-shifted GFP 
variant fused to the protein Tau under the transcriptional con-
trol of the NPY genomic sequence (14)
 3. NPY-Renilla-GFP transgenic mice expressed humanized 
Renilla reniformis green fluorescent protein (hrGFP) under 
control of the mouse NPY promoter fused to a long bacterial 
artificial chromosome (BAC) sequence driving expression of a 
bright and stable fluorescent signal that is more resistant to 
fading compared to other GFP’s (12)
 1. Rat ghrelin was obtained in powder form from NeoMPS Peptide 
(Strasbourg, France) and stored dessicated at 4°C. When ready 
to use, it is recommended not to weigh out specific amounts 
but to reconstitute the peptide directly in the original bottle. 
If the peptide is reconstituted directly in saline solution, it is 
recommended to use the solution as soon as possible and avoid 
freezing/thawing cycles. If smaller quantities are to be used, 
the powder can be resuspended in sterile water, aliquoted 
according to the amount needed and can be relyophilized and 
stored as before.
 2. Prepare a working solution of 30 nmol of ghrelin in 0.2 mL of 
sterile saline solution 0.9% (i.e., 99 Mg in 0.2 mL).
 1. Anesthetic: isoflurane (Abbot Laboratory, Centravet, Plancoet, 
France)
 2. Pump to deliver isoflurane (Univentor 400 anaesthesia unit, 
Phymep, Paris, France)
 3. Colchicine: prepare a working solution of 50 mg in 1 mL of 
sterile saline solution 0.9% (Sigma, Saint-Quentin Fallavier, 
France)
 4. Diazepam (Valium, Roche Laboratories, Meylan, France)
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 1 M) further diluted to 0.2 M or 0.1 M (working solu-
tions). This buffer is stable for several months if stored at 4°C.
 2. Paraformaldehyde (PFA) 4% is prepared in PB 0.1 M (working 
solution) : dissolve 40 g of PAF in 500 mL of heated water at 
55°C under a fumed hood and neutralize with about 1 mL of 
NaOH 4% and stir until solution is clear. Add 500 mL of PB 
0.2 M to get the PFA in a final solution of PB 0.1 M. Filter, 
cool the solution, and adjust the final pH to 7.4. The PFA 
should be freshly prepared (the same day or the day before the 
experiment) and stored at 4°C until use.
 3. Sodium pentobarbital (Ceva santé animal, Libourne, France).
 4. Sucrose 30% in PB 0.1 M (working solution) should be pre-
pared freshly and stored at 4°C.
 5. 2-Methyl-butane (Sigma, Saint-Quentin Fallavier, France) is 
flammable and should be kept at 4°C.
 6. Saline solution.
 1. Freezing microtome (Frigomobile, Leica, Wetzlar, Germany).
 2. Tris-buffered saline (TBS) 1 M (stock solution) : Tris base 
1 M, NaCl 1.5 M, and HCl until pH is at 7.4, further diluted 
to 0.1 M (working solution). This buffer is stable for several 
months if stored at 4°C.
 3. Cryoprotectant : TBS 0.1 M (working solution), glycerol 
0.3 M, ethylene glycol 0.3 M. Can be stored at room tempera-
ture for several months (see Note 1).
 1. TBS 0.1 M (working solution).
 2. Triton 0.3% in TBS 0.1 M (working solution). This solution 
can be stored for several months at 4°C.
 3. NDS = Normal donkey serum (BioWest, Miami, FL, USA).
 4. NGS = Normal goat serum (BioWest, Miami, FL, USA).
 5. Rabbit anti-c-Fos antibody (Ab-5, Jackson Laboratories, West 
Grove, PA, USA). The stock solution can be diluted 1:2 in a 
final concentration of 50% glycerol and stored at −20°C.
 6. Chicken anti-GFP antibody (Invitrogen, Molecular Probes, 
Carlsbad, CA, USA). The stock solution is in water and is 
stored directly at 4°C.
 7. Rabbit anti-GHRH antiserum (L0851) raised against the 
25-amino-acid C-terminal part of the mouse GHRH sequence 
(15).
 8. Donkey anti-rabbit antibody coupled with CY3 (Jackson 
Laboratories, West Grove, PA, USA). The powder stock solu-
tion can be resuspended in a final concentration of glycerol 
2.2. Perfusion
2.3. Preparation  
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50% to obtain a 1:2 dilution and stored at −20°C, protected 
from light (see Note 2).
 9. Goat antichicken coupled with Alexa 488 (Invitrogen, 
Molecular Probes, Carlsbad, CA, USA). The stock solution is in 
water and can be diluted in a final concentration of glycerol 
50% to obtain a 1:2 dilution and stored at −20°C, protected 
from light (see Note 2).
 10. Biotinylated Rabbit Anti-c-Fos (Jackson Laboratories, West 
Grove, PA, USA). The powder stock solution can be resus-
pended in a final concentration of glycerol 50% to obtain a 1:2 
dilution and stored at −20°C.
 11. Avidin biotin complex (ABC) (Vectastain Elite Kit, Vector 





 30% (Stock solution) (Sigma, Saint-Quentin Fallavier, 
France).
 13. Diaminobenzidine (DAB) 10 mg pellets stored at −20°C 
(Sigma, Saint-Quentin Fallavier, France).
 14. Gelatin coated slides or superfrost.
 15. Coverslip.
 16. Staining sets (6 × 4 wells) containing a 1/8Ȍ leakproof lami-
nated bottom, 1/8Ȍ lid and a 5/8Ȍ insert with 6 × 4 array 
500 Mm mesh (Nason Machine, Fort Bragg, CA, USA).
 17. Small paintbrush (N°4).
 18. Fluoromount (SouthernBiotech, Birmingham, AL, USA) (See 
Note 3).
 19. Permount (Sigma, Saint-Quentin Fallavier, France).
 20. Vectashield (Vector Laboratories, Burlingame, CA) stored in 
the dark and at 4°C (See Note 3).
 21. Zeiss Axioplan microscope (Carl Zeiss, Le Pecq, France) and 
Leica SP2 or SP5 confocal microscope (Leica, Wetzlar, 
Germany).
 1. Animals were housed on a 12/12 h light/dark cycle at 22°C 
with ad libitum access to regular chow and water
 2. Intraperitoneal injections (ip) were performed between 8.00 
and 11.00am (see Note 4)
 1. Each animal receives intraperitoneal injections of either:
Ghrelin (0.2 mL of working solution) –
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 2. After injection, return the animals into their home cage
 3. Ninety minutes after treatment, perfuse the animal
 1. Pretreat mice with diazepam (100 Mg/30 g BW, ip) to avoid 
convulsion induced by colchicine
 2. Deeply anesthetize the mouse with isoflurane (200 mL/min, 
2% isoflurane)
 3. Place the mouse on the stereotaxic frame
 4. Insert a micropipette filled with the colchicine solution into 
the lateral ventricle (See Note 5)
 5. Slowly inject 1 ML of the colchicine solution delivered with a 
microinjecting pump (0.007 ML/min)
 6. Leave the micropipette in place for an additional 10-min period 
in order to reduce backflow
 7. Forty-eight hours after recovery, perfuse the animal
 1. Anesthetize the animals by intraperitoneal injection of sodium 
pentobarbital (~1.25 mg per 25 g of body weight) (see Note 6).
 2. Check by tail pinching that the mouse is fully asleep and per-
fuse the animals through the aorta with saline solution (1 min) 
followed by 4% PFA in PB 0.1 M kept in ice, for 9 min at 
20 mL/min under a fumed hood.
 3. Dissect the brains and postfix in 4% PFA in PB 0.1 M for 2 h 
at room temperature.
 4. Leave the brains for a minimum of 2 days in a 30% sucrose 
solution, at 4°C.
 5. Freeze the brains by immersing them in 2-methyl-butane at 
−30 to −35°C (see Note 7) and store them at −80°C until fur-
ther usage.
 1. Cut 25 Mm coronal brain sections using a freezing microtome 
(see Note 8).
 2. Slices can be kept in the cryoprotectant solution at −20°C or 
collected in TBS and immediately processed for immunochem-
istry (see Note 1).
 1. Immunohistochemistry is performed on free-floating sections 
(see Note 8). Sections should be protected from light since 
they contain GFP.
 2. Select the sections to be stained and transfer them into the 
staining sets with a small paintbrush (see Note 9).
 3. Wash the sections overnight in TBS 0.1 M under agitation, at 
room temperature (see Note 1).
 4. The following day, rinse the slices four times, 10 min each 
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 5. Incubate for 1 h in the blocking solution (TBS 0.1 M, Triton 
0.3%, NDS 5% and/or NGS 5%) under agitation, at room tem-
perature (see Note 10).
 6. Incubate overnight with the primary antibody solution (TBS 
0.1 M, Triton 0.3%, NDS 0.5% and/or NGS 0.5%, anti-c-Fos 
1/20,000 and/or anti-GFP 1/2,000 or anti-GHRH 1/3,000) 
under agitation, at room temperature (see Note 10).
 7. The following day, rinse the slices four times, 10 min each time, in 
a solution of 0.1 M TBS, under agitation, at room temperature.
 8. Incubate for 1 h with the secondary antibody solution (TBS 
0.1 M, NDS 0.5%, NGS 0.5%, donkey antirabbit Cy3 at 1/800, 
and goat antichicken Alexa 488 at 1/400) under agitation, at 
room temperature (see Notes 10–12).
 9. Then, rinse four times for 10 min under agitation, at room 
temperature.
 10. Counterstain the sections using DAPI or SYTOX nuclear 
markers in order to visualize the anatomical landmarks of the 
brain (see Note 13).
 11. Mount the sections on superfrost or gelatin-coated slides. Air-
dry and coverslip sections using Fluoromount or Vectashield. 
Store at 4°C in the dark (see Note 2).
 1. Immunohistochemistry is performed on free-floating sections 
as described above (see Note 8).
 2. Select the sections and transfer them into the staining sets with 
a small paintbrush (see Note 9).
 3. Wash the sections overnight in TBS 0.1 M under constant agi-
tation, at room temperature (see Note 1).
 4. The following day, rinse the sections four times, 10 min each 
time, in TBS 0.1 M under agitation, at room temperature.




 0.3% in TBS 0.1 M 
under agitation, at room temperature to inactivate endogenous 
peroxidase (should be prepared freshly).
 6. Wash the sections four times, 10 min each time, in a solution 
of 0.1 M TBS, under agitation, at room temperature.
 7. Incubate for 1 h in the blocking solution (TBS 0.1 M, Triton 
0.3%, NDS 5%) under agitation, at room temperature (see 
Note 10).
 8. Incubate overnight with the primary antibody solution (TBS 
0.1 M, Triton 0.3%, NDS 0.5% and/or NGS 0.5%, anti c-Fos 
1/20,000) under agitation, at room temperature (see Note 10).
 9. The following day, rinse the sections four times, 10 min each 
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 10. Incubate for 2 h with the secondary antibody solution (TBS 
0.1 M, NDS 0.5%, biotinylated donkey antirabbit at 1/500) 
under agitation, at room temperature (see Notes 10 and 11).
 11. Then, rinse four times for 10 min under agitation, at room 
temperature.
 12. Incubate the slices with the ABC under agitation, at room 
temperature: mix two drops of A and two drops of B in 5 mL 
of TBS 0.1 M (should be prepared 30 min ahead).
 13. Wash the slices four times, 10 min each time, in a solution of 
0.1 M TBS, under agitation, at room temperature.
 14. During the washing step, prepare DAB 0.05% by dissolving a 
10 mg pellet in 20 mL of TBS 0.1 M under a fumed hood and 





Discard all plastics in special trashes.
 15. Incubate the sections with the DAB solution until a brown 
precipitate appears (about 2 min but may be variable) and wash 
with TBS 0.1 M to stop the reaction.
 16. Mount the slices on superfrost or gelatin coated slides and air-
dry the sections.
 17. Dehydrate in successive alcohol baths (10 min in 70% ethanol, 
10 min in 95% ethanol, 10 min in 100% ethanol) and 10 min in 
Xylene before mounting in Permount medium with coverslip.
 1. The anti-GFP and the endogenous Renilla-GFP signals can be 
observed with a normal GFP filter set (excitation: 475/40 nm 
and emission: 530/50 nm) and the CY3 signal can be observed 
with a CY3 filter set (excitation: 545/25 nm and emission: 
605/70 nm). The endogenous Sapphire-GFP can be observed 
with a special sapphire filter set (excitation: 395/40 nm and 
emission: 510/40 nm).
 2. The section is initially observed with a small magnification (×5 or 
×10) in order to observe the whole structure and determine in 
which nuclei the staining is localized. To count numbers of cells 
or nuclei stained, choose the ×40 magnification (see Note 14).
 3. The Metaview software (or similar) is used to take pictures on 
the epifluorescent Axioplan microscope.
 4. Mercator software (or similar) is used to outline the region of 
interest and count the nuclei using a pointing tool.
 1. Three different lasers are used: an Argon/Krypton 488 nm ion 
laser in order to observe the green fluorescence, a He/Ne 
543 nm laser in order to observe the red fluorescence, and a 
diode 405 nm laser to observe the sapphire fluorescence. The 
range of emission used to detect the Alexa488/endogenous 
GFP signal, the CY3 signal, and the sapphire signal are respec-
tively 498–522, 568–674, and 490–530 nm.
3.5. Analysis/
Interpretation of Data
3.5.1. Visualization and 
Quantification of Cells/
Nuclei by Epifluorescence 
Using Optical Microscopy
3.5.2. Colocalization 
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 2. Immunostained sections through the arcuate nucleus of the 
hypothalamus and the dorsal vagal complex of the brainstem 
are analyzed using a ×40 objective (numerical aperture 1.25). 
Adjacent image planes through the z-axis are collected over 
a 10 Mm thickness (where staining is the strongest) using a 
1 Mm z-step and scanned three times at a frequency of 200 Hz. 
A Pinhole size of 1 Airy unit is used for each channel. In case 
of multiple labelings, acquisitions are performed using a 
sequential set-up to maximize spectral separation.
 3. All images are saved and stored for further analysis.
 1. For each staining (Alexa 488/GFP and CY3), the ten images 
collected from each section using the confocal microscope are 
stacked in a single file and the two stacks are merged.
 2. The Image J. software (or similar) is then used to count the 
colocalized cells using a pointing tool in each section of the 
Z-stack to ensure that the same cell is not counted twice in 
adjacent Z planes.
Many neuropeptides are synthesized in such small quantities that 
they cannot be visualized in the cell body using conventional 
immunohistochemistry. As alluded in the introduction, before the 
development of transgenic mice expressing fluorescent proteins 
under the control of specific neuropeptide promoters, colchicine, a 
blocker of axonal transport, was commonly used to enhance the 
levels of neuropeptides in the cell body. For example, GHRH neu-
rons in the arcuate nucleus of the hypothalamus could not be visu-
alized in cell bodies without colchicine pretreatment (data not 
shown). Initially shown to block axonal transport of noradrenaline 
(16), colchicine also induces a marked increase in c-Fos levels, sug-
gesting that it affects other mechanisms than solely axonal trans-
port (17). Most importantly, colchicine is toxic to the animal, 
which rules out its use in studies aimed at measuring neuronal 
activity using early gene markers. In mice expressing the eGFP 
under the control of the GHRH promoter, GHRH neurons can 
easily be visualized without any pretreatment. The localization of 
the endogenous eGFP signal in neurons coincides with that of 
endogenous GHRH visualized using an anti-GHRH antibody in 
animals that were treated with colchicine (Fig. 1).
c-Fos protein can be detected using immunofluorescence or using 
DAB as a chromogen. Immunofluorescence is good for confocal use 
and unequivocal colocalization studies but the signal can bleach with 
time, whereas DAB is good for permanent staining. As shown in 
Fig. 2, the detection of DAB may be slightly more sensitive than 
fluorescence as the number of c-Fos positive nuclei in serial sections 
of the same animal is slightly higher with DAB than with fluorescence. 
However, using DAB as the chromogen is more time- consuming 
3.5.3. Analysis of Confocal 
Data
3.6. Application of the 
Technique/Inter-
pretation of Data
3.6.1. Visualization of 
Neuropeptides Using 
GFP-Expressing Mice 
Alleviates the Need for 
Colchicine
3.6.2. Visualization  
of Activated Neurons: 
Comparison  
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and colocalization studies using DAB may provide more equivocal 
evidence of colocalization than immunofluorescence.
Under perfused conditions, not all GFP-expressing neurons may 
express sufficient GFP to be easily detected above background 
fluorescence. In such instances, it is possible to “enhance” the 
detection of GFP by using an antibody against GFP and to visualize 
3.6.3. Weak GFP Signal 
Can Be Improved by the 
Utilization of an Anti-GFP 
Antibody
Fig. 1. Visualization of endogenous GFP fluorescence (left panel), growth hormone releasing hormone (GHRH) positive 
neurons detected using an anti-GHRH antibody (middle panel) and following the merger of both signals (right panel) in 




























Fig. 2. Visualization of c-Fos positive cells using a chromogenic visualization method (a) or fluorescence immunohis-
tochemistry (b) and quantification of c-Fos positive nuclei in serial sections of the arcuate nucleus (ARC) (c) from mice 
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it using standard immunofluorescence histochemistry (Figs. 3 
and 4). Antibodies can be raised against a common epitope found 
in  different GFP isoforms and, therefore, will recognize eGFP or 
Sapphire-GFP. As illustrated in Fig. 3, eGFP in GHRH-eGFP mice 
has a strong signal but the signal to noise ratio is improved when 
using an anti-GFP antibody (Fig. 3).
A further example is the NPY-Tau-Sapphire-GFP mouse in which 
the GFP is blue-shifted and can be visualized with a confocal micro-
scope using a 405 laser. As the signal from the Sapphire-GFP was weak 
and bleached quickly in the arcuate nucleus of the hypothalamus, an 
anti-GFP antibody was used to improve the signal (Fig. 4). Using the 
anti-GFP antibody, more GFP-positive cells were visible than with the 
endogenous GFP fluorescence. However, in the brainstem, the endog-
enous Sapphire-GFP signal was much stronger and could be visual-
ized under an epifluorescence microscope equipped with a classical 
GFP filter set without the need for signal amplification.
As mentioned previously, colchicine is toxic and this prevents stud-
ies aimed at detecting the neuropeptide content in cell bodies in 
combination with functional or physiological experimentation. 
GFP-expressing mice alleviate the need for colchicine treatment 
and can be combined with techniques aimed at detecting activated 
neurons, using the protein, c-Fos, as a marker.
As not all GFP-expressing neurons may express sufficient GFP 
to be easily detected above background fluorescence, new develop-
ments with modified GFP may provide enhanced and increased 
stability of fluorescence. One example is the development of the 
Renilla-GFP-expressing mouse under the control of the NPY pro-
moter. In this mouse, the use of a long BAC sequence (clone 
3.6.4. Visualization of 
Activated Neurons (c-Fos) 
in NPY-Tau-Sapphire-GFP 
or NPY-Renilla-GFP Mice
Fig. 3. Visualization of endogenous GFP (left panel), anti-GFP signal using an anti-GFP antibody (middle panel) and the 
merger of both signals (right panel) in 25 Mm-thick coronal sections of the ARC in a GHRH-eGFP mouse. Insets in the top 
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name = RP24-177I12) (12) fused to the mouse NPY promoter 
sequence and combined to a free cytoplasmic GFP renders the sig-
nal more stable and brighter than other variants of GFPs and local-
ized mostly in cell bodies. In contrast to the Sapphire-GFP signal, 
which is addressed mostly in terminals in noncolchicine-treated 
animals (12, 14) and, thus, is suitable for studies investigating axon 
terminals (18), the Renilla-GFP-expressing mouse is an appropri-
ate model for studies investigating neuropeptide content of neu-
rons activated by physiological stimuli. For instance, after 
intraperitoneal administration of ghrelin, we observed c-Fos 
expression in only 8% of GFP-positive neurons using NPY-Tau-
Sapphire-GFP mice, whereas c-Fos was activated in 27% of arcuate 
GFP-positive neurons using Renilla-GFP mice (Figs. 5 and 6).
Fig. 4. Visualization of endogenous GFP and anti-GFP signal using an anti-GFP antibody in 25 Mm-thick coronal sections of 
the ARC (left panel, confocal microscope) and dorsal-vagal complex (right panel, epifluorescence microscope) in a NPY-
Tau-Sapphire-GFP mouse. (a) Endogenous Sapphire-GFP, (b) anti-GFP, (c) Merge of both signals. ME median eminence; 3V 
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Fig. 5. Visualization of GFP and c-Fos in 25 Mm-thick coronal sections of the ARC in a NPY-Tau-Sapphire-GFP mouse and 
in a NPY-Renilla-GFP mouse following intraperitoneal injections of ghrelin. Left panel shows a NPY-Tau-Sapphire-GFP 
mouse: (a) GFP signal using an anti-GFP antibody, (b) c-Fos staining using an anti-c-Fos antibody, (c) merge of both signals, 
(d) higher confocal magnification of (c). Right panel shows a NPY-Renilla-GFP mouse: (a) Endogenous GFP signal, (b) c-Fos 
staining using an anti-c-Fos antibody, (c) merge of both signals, (d) higher confocal magnification of (c). White arrows 
indicate cells expressing both GFP and c-Fos. [AU2]
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Fig. 6. Total number of GFP-positive cell bodies expressing c-Fos in the ARC (2.2–1.6 mm 
from interaural line) after intraperitoneal injections of saline vs. ghrelin in NPY-Tau-
Sapphire-GFP mice (saline: n = 5, ghrelin: n = 5) and in NPY-Renilla-GFP mice (saline: 
n = 3, ghrelin: n = 2). Percentages represent the proportion of GFP-positive cells express-
ing c-Fos. GFP-positive cell bodies expressing c-Fos: P < 0.05 ghrelin vs. saline (in both 
transgenic mice) and P < 0.05 NPY-Renilla-GFP mice treated with ghrelin vs. NPY-Tau-
Sapphire-GFP mice treated with ghrelin. GFP-positive cell bodies: P < 0.05 NPY-Renilla-
GFP vs. NPY-Tau-Sapphire-GFP mice.
[AU3]
 1. Cryoprotectant is used to store slices at −20°C to preserve 
their antigenicity for several months. It is important to care-
fully wash the sections (at least 1 h) in order to remove all 
cryoprotectant before performing the immunohistochemistry. 
For shorter periods of conservation (1 month), sections can 
also be stored at 4°C in TBS 0.1 M containing sodium azide 
(50 mg/100 mL). Sodium azide, used to prevent bacterial 
contamination, is toxic and should be prepared with gloves. 
Slices should also be washed before immunohistochemistry.
  Although tissues are stored at 4°C, antigenicity may still 
deteriorate over time and it is better to perform immunohis-
tochemistry as soon as possible.
 2. The secondary antibodies coupled to CY3 or Alexa 488 as well 
as the slices incubated with these antibodies should be pro-
tected from light to avoid bleaching. Once the sections are 
mounted on slides, they should also be stored in the dark and 
preferably at 4°C to preserve fluorescence.
 3. Fluoromount and Vectashield are mounting mediums contain-
ing antibleaching agents that help maintain the fluorescence. 
Fluoromount is a semihardest mounting medium that polym-
erizes and cannot easily be removed, whereas coverslips 
mounted with Vectashield can be removed.
 4. As c-Fos protein is a transcription factor that can be activated 
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manipulate and habituate the animals to intraperitoneal 
 injections several days before the experiments (19, 20).
 5. Stereotaxic coordinates for the lateral ventricle were chosen 
according to the atlas of Franklin and Paxinos (21): 0.07 mm 
posterior, 0.10 mm lateral, and 0.21 mm deep from bregma.
 6. c-Fos is an immediate early gene that is induced very rapidly 
but transiently (19, 20). The protein c-Fos reaches maximum 
levels approximately 60–120 min after stimulation. Ghrelin has 
been shown to increase c-Fos production in several brain 
nuclei, including the arcuate nucleus, after intraperitoneal 
injection (8, 9, 22).
 7. For freezing a mouse brain in 2-methyl-butane, temperature 
should not go below −35°C because the brain tissue may be 
damaged.
 8. Twenty-five micro meter-thick brain sections should be han-
dled with care because of their fragility. This thickness is more 
adequate for colocalization studies when using epifluorescent 
microscope. However, if using a confocal microscope, thicker 
sections (over 30 Mm) are also adequate. Using free-floating 
sections allows the antibody to penetrate into the tissue on 
both sides. On thicker sections, the antibody will not stain the 
whole tissue and it should be taken into consideration when 
analyzing the staining.
 9. Staining sets consist of an array of 6 × 4 wells with a 500 Mm 
mesh at the bottom. Sections can be placed in these wells and 
the array can easily be transferred into a leakproof laminated 
container. This system is very convenient to wash all the sec-
tions without too much handling of the brain slices. However, 
the container’s volume in which the meshed wells fit is big and 
consumes a lot of reagents. In order to save antibodies, the tis-
sue sections can be transferred into individual 48 well-plates 
for the incubation steps.
 10. The serum for the blocking solution will be chosen depending 
on the nature of the secondary antibody (e.g., NDS with a 
secondary antibody produced in donkey or NGS with a sec-
ondary antibody produced in goat). If two primary antibodies 
are used in the same incubation (e.g., Rabbit Anti-c-Fos and 
Chicken Anti-GFP), two secondary antibodies directed against 
the species of the first antibodies should be used (e.g., Donkey 
AntiRabbit and Goat AntiChicken, respectively). However, it 
is recommended to use secondary antibodies raised in the same 
specie to minimize background (e.g., Goat antirabbit and Goat 
antichicken). In this case, a single blocking solution (e.g., 
NGS) should be used.
 11. Dilutions of primary and secondary antibodies should be opti-
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obtained by testing serial dilutions of the rabbit anti-c-Fos 
(1:5,000–1:20,000) and chicken anti-GFP (1:1,000–
1:20,000). Dilutions should be done extemporaneously.
 12. Fluorochrome that emits light into the green (e.g., Alexa 488) 
and orange/red (e.g., CY3) are classical tools used for colocal-
ization studies, as their emission spectra are easily distinguish-
able. For more details on fluorochromes, visit the Abcam 
website: http://www.abcam.com/fluorochromes.
 13. DAPI (4c,6c-diamidino-2-phenylindole) and SYTOX are 
fluorescent nuclear markers that are used to visualize brain 
structures and define anatomical landmarks. DAPI can pene-
trate both alive and dead cells. DAPI is excited by UV light and 
emits at 449 nm. SYTOX is a high-affinity nucleic acid stain 
that easily penetrates dead cells. Different SYTOX dyes exist 
(e.g., SYTOX green that emits at 523 nm) (Invitrogen). As 
these markers incorporate into the DNA, they should be 
manipulated with caution (gloves). Concentrations of these 
dyes should be tested empirically.
 14. When observing a section at a high magnification (×40), the 
signal can fade. Consequently, this magnification should be 
used for short period of time and/or only when performing 
the quantification or acquiring images.
Acknowledgments
We are grateful to Dr ICAF Robinson (National Institute for 
Medical Research, Mill Hill, London, England) for providing the 
GHRH-GFP mice, to Dr Anne Lorsignol (UMR 5241 CNRS-
UPS, Toulouse, France) for the NPY-Sapphire-GFP mice and to 
Dr Odile Viltart (INSERM U837, Lille, France) for the NPY-
Renilla-GFP mice.
References
 1. Morton GJ, Cummings DE, Baskin DG, Barsh 
GS, Schwartz MW (2006) Central nervous sys-
tem control of food intake and body weight. 
Nature 443:289–295
 2. Goldstone AP (2006) The hypothalamus, hor-
mones, and hunger: alterations in human obe-
sity and illness. Prog Brain Res 153:57–73
 3. Tschöp M, Smiley DL, Heiman ML (2000) 
Ghrelin induces adiposity in rodents. Nature 
407:908–913
 4. Kojima M, Hosoda H, Date Y, Nakazato M, 
Matsuo H, Kangawa K (1999) Ghrelin is a 
growth-hormone-releasing acylated peptide 
from stomach. Nature 402:656–660
 5. Tomasetto C, Karam SM, Ribieras S, Masson 
R, Lefèbvre O, Staub A, Alexander G, Chenard 
MP, Rio MC (2000) Identification and charac-
terization of a novel gastric peptide hormone: 
the motilin-related peptide. Gastroenterology 
119:395–405
 6. Tannenbaum GS, Lapointe M, Beaudet A, 
Howard AD (1998) Expression of growth hor-
mone secretagogue-receptors by growth hor-
mone-releasing hormone neurons in the 
mediobasal hypothalamus. Endocrinology 
139:4420–4423
 7. Willesen MG, Kristensen P, Rømer J 



























































10 Visualization of Activated Neurons Involved in Endocrine and Dietary Pathways…
secretagogue receptor and NPY mRNA in the 
arcuate nucleus of the rat. Neuroendocrinology 
70:306–316
 8. Kobelt P, Wisser A, Stengel A, Goebel M, 
Inhoff T, Noetzel S, Veh R, Bannert N, 
Vandervoort I, Wiedenmann B (2008) 
Peripheral injection of ghrelin induces Fos 
expression in the dorsomedial hypothalamic 
nucleus in rats. Brain Res 1204:77–86
 9. Wang L, Saint-Pierre DH, Taché Y (2002) 
Peripheral ghrelin selectively increases Fos 
expression in neuropeptide Y—synthesizing 
neurons in mouse hypothalamic arcuate 
nucleus. Neurosci Lett 325:47–51
 10. Lawrence CB, Snape AC, Baudoin FM-H, 
Luckman SM (2002) Acute central ghrelin and 
GH secretagogues induce feeding and activate 
brain appetite centers. Endocrinology 
143:155–162
 11. Cham JL, Badoer E (2007) Exposure to a hot 
environment can activate spinally projecting 
and nitrergic neurones in the lower brainstem 
in the rat. Exp Physiol 92:529–540
 12. van den Pol AN, Yao Y, Fu L-Y, Foo K, Huang 
H, Coppari R, Lowell BB, Broberger C (2009) 
Neuromedin B and gastrin-releasing peptide 
excite arcuate nucleus neuropeptide Y neurons 
in a novel transgenic mouse expressing strong 
Renilla green fluorescent protein in NPY neu-
rons. J Neurosci 29:4622–4639
 13. Balthasar N, Mery P-F, Magoulas CB, Mathers 
KE, Martin A, Mollard P, Robinson ICAF 
(2003) Growth hormone-releasing hormone 
(GHRH) neurons in GHRH-enhanced green 
fluorescent protein transgenic mice: a ventral 
hypothalamic network. Endocrinology 
144:2728–2740
 14. Pinto S, Roseberry AG, Liu H, Diano S, 
Shanabrough M, Cai X, Friedman JM, Horvath 
TL (2004) Rapid rewiring of arcuate nucleus 
feeding circuits by leptin. Science 
304:110–115
 15. Bouyer K, Loudes C, Robinson ICAF, 
Epelbaum J, Faivre-Bauman A (2006) Sexually 
dimorphic distribution of sst2A somatostatin 
receptors on growth hormone-releasing hor-
mone neurons in mice. Endocrinology 
147:2670–2674
 16. Dahlström A (1968) Effect of colchicine on 
transport of amine storage granules in sympa-
thetic nerves of rat. Eur J Pharmacol 
5:111–113
 17. Ceccatelli S, Villar MJ, Goldstein M, Hökfelt T 
(1989) Expression of c-Fos immunoreactivity 
in transmitter-characterized neurons after stress. 
Proc Natl Acad Sci USA 86:9569–9573
 18. Rancillac A, Lainé J, Perrenoud Q, Geoffroy 
H, Ferezou I, Vitalis T, Rossier J (2010) 
Degenerative abnormalities in transgenic neo-
cortical neuropeptide Y interneurons express-
ing tau-green fluorescent protein. J Neurosci 
Res 88:487–499
 19. McClung CA, Ulery PG, Perrotti LI, Zachariou 
V, Berton O, Nestler EJ (2004) DeltaFosB: a 
molecular switch for long-term adaptation 
in the brain. Brain Res Mol Brain Res 
132:146–154
 20. Sagar SM, Sharp FR, Curran T (1988) 
Expression of c-fos protein in brain: metabolic 
mapping at the cellular level. Science 
240:1328–1331
 21. Franklin BJ, Paxinos G (1997) The mouse 
brain in stereotaxic coordinates. Academic, San 
Diego
 22. Rüter J, Kobelt P, Tebbe JJ, Avsar Y, Veh R, 
Wang L, Klapp BF, Wiedenmann B, Taché Y, 
Mönnikes H (2003) Intraperitoneal injection 
of ghrelin induces Fos expression in the para-

























































































par conséquent de la fluorescence, est localisée principalement au niveau des corps
cellulaires, même en absence de colchicine, permettant de quantifier le nombre de
neuronesGFPpositifsetainside réaliserdesétudesdecolocalisationentreunmarqueur
neuronaletlesneuronesàNPYouGHRH.CettemesureaétéfaiteauniveaudunoyauARC
le long de l’axe rostroͲcaudal (Figure 16) et nous a permis de déterminer les niveaux de











nombreuxdans l’ARC. Ilestànoterque lenombredeneuronesàNPYestnettementplus
importantqueceluidesneuronesàGHRH.Pourl’étudesuivante,lescoͲlocalisationsavecle









Les résultats des quantifications de l’activation neuronale obtenus après
immunohistochimieàlaDABouenfluorescenceapparaissentéquivalents.LesétudesdecoͲ
localisation sont cependant plus aisées avec la fluorescence, c’est la technique qui sera
adoptéepourlesétudessuivantes.
Lessouris transgéniquesexprimant laGFPsous lecontrôledespromoteursNPYou
GHRHsontdesoutilspratiquespourl’étudedecessouspopulationsneuronales.Néanmoins,
tous lesmodèlesde sourisGFPne sontpaséquivalents.Chez les sourisexprimant laGFP
fusionnéeàlaprotéineTauparexemple,laGFPestmajoritairementexpriméeauniveaudes
terminaisonsnerveusesrendantfacileslesétudesconcernantlesterminaisonsetprojections
nerveuses mais plus difficiles les études de coͲlocalisations cellulaires. Chez les souris
exprimant laGFP sous lecontrôledepromoteurspuissantscomme les sourisNPYͲRenillaͲ
GFPetGHRHͲeͲGFP, la fluorescenceestplus forteetplusstable.Cesontcesmodèlesqui
serontutiliséspar lasuitepournosétudesdecoͲlocalisation.Enfin,nousavonségalement
pu identifier grâce à ces modèles les niveaux les plus adéquats pour nos études de coͲ
localistion avec le marqueur d’activation neuronale, cͲFos, en quantifiant le nombre de
neuronesàNPYetGHRHlelongdel’axerostroͲcaudal.
Ces travauxpréliminairesnousontainsipermisde choisir lemodèleadéquatpour
l’étudede l’interactionéventuelleentre laghrélineet l’obestatineauseindesneuronesà
NPYetGHRH.
 
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Action on Food Intake and GH Secretion and Targets NPY
and GHRH Neurons in Mice
Rim Hassouna1, Philippe Zizzari1, Odile Viltart2, Seung-Kwon Yang3, Robert Gardette1,
Catherine Videau1, Emilio Badoer4, Jacques Epelbaum1, Virginie Tolle1*
1UMR-S 894 INSERM, Centre de Psychiatrie et Neurosciences, Universite´ Paris Descartes, Sorbonne Paris Cite´, Paris, France, 2UMR 837 INSERM, Laboratoire
‘‘De´veloppement et Plasticite´ du Cerveau Postnatal’’, Centre de Recherches JPARC, Lille and Universite´ Lille Nord de France (USTL- Lille 1), Lille, France, 3 School of
Biomedical Sciences, The University of Queensland, Skerman Building (65), St Lucia, Queensland, Australia, 4 School of Medical Sciences and Health Innovations Research
Institute, RMIT University, Bundoora, Melbourne, Victoria, Australia
Abstract
Background: Ghrelin and obestatin are two gut-derived peptides originating from the same ghrelin/obestatin
prepropeptide gene (GHRL). While ghrelin stimulates growth hormone (GH) secretion and food intake and inhibits c-
aminobutyric-acid synaptic transmission onto GHRH (Growth Hormone Releasing Hormone) neurons, obestatin blocks these
effects. In Humans, GHRL gene polymorphisms have been associated with pathologies linked to an unbalanced energy
homeostasis. We hypothesized that one polymorphism located in the obestatin sequence (Q to L substitution in position 90
of the ghrelin/obestatin prepropeptide, rs4684677) may impact on the function of obestatin. In the present study, we tested
the activity of native and Q90L obestatin to modulate ghrelin-induced food intake, GH secretion, cFos activity in GHRH and
Neuropeptide Y (NPY) neurons and c-aminobutyric-acid activity onto GHRH neurons.
Methodology/Principal findings: Food intake, GH secretion and electrophysiological recordings were assessed in C57BL/6
mice. cFos activity was measured in NPY-Renilla-GFP and GHRH-eGFP mice. Mice received saline, ghrelin or ghrelin
combined to native or Q90L obestatin (30 nmol each) in the early light phase. Ghrelin stimulation of food intake and GH
secretion varied considerably among individual mice with 59–77% eliciting a robust response. In these high-responders,
ghrelin-induced food intake and GH secretion were reduced equally by native and Q90L obestatin. In contrast to in vivo
observations, Q90L was slightly more efficient than native obestatin in inhibiting ghrelin-induced cFos activation within the
hypothalamic arcuate nucleus and the nucleus tractus solitarius of the brainstem. After ghrelin injection, 26% of NPY
neurons in the arcuate nucleus expressed cFos protein and this number was significantly reduced by co-administration of
Q90L obestatin. Q90L was also more potent that native obestatin in reducing ghrelin-induced inhibition of c-aminobutyric-
acid synaptic transmission onto GHRH neurons.
Conclusions/Significance: These data support the hypothesis that Q90L obestatin partially blocks ghrelin-induced food
intake and GH secretion by acting through NPY and GHRH neurons.
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Introduction
Ghrelin is a 28 amino acid peptide principally synthesized in the
stomach and was originally described as the endogenous ligand of
the Growth Hormone Secretagogue 1a Receptor (GHS-R1a)
[1,2]. Ghrelin is the only orexigenic gastrointestinal peptide and
one of its main functions is to stimulate growth hormone (GH)
secretion [3,4]. Binding of ghrelin to the GHS-R1a, which relays
most of ghrelin’s biological effects, is made possible due to a post-
translational acylation on its serine in position 3 [5,6]. GHS-R1a is
highly expressed in the arcuate nucleus (ARC) of the hypothal-
amus, a key region involved in the control of GH secretion and
appetite but also in the brainstem that receives information from
gut vagal afferents [7,8]. Within the hypothalamus, ARC
Neuropeptide Y (NPY) and Growth Hormone Releasing Hor-
mone (GHRH) neurons express the GHS-R1a [9,10], and are a
well-characterized target for ghrelin or GHS actions [11–13].
More recently, obestatin, a 23 amino acid peptide, derived from
the cleavage of preproghrelin was discovered [14] and reported as
an anorexigenic peptide ligand of the orphan receptor, GPR39,
but these findings are controversial [15–18]. Nevertheless, when
co-administered with ghrelin at equimolar doses, obestatin
counteracts, for instance, ghrelin induced food intake and GH
secretion in rodents [19]. The mechanism of action of obestatin
and its interaction with ghrelin in the central nervous system
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remain poorly understood. The effect of obestatin on ghrelin-
induced GH secretion is not mediated at the pituitary level
[14,19], suggesting that the interaction between ghrelin and
obestatin is mainly mediated within the central nervous system.
Indeed, recently, it was reported that obestatin blocks ghrelin-
induced inhibition of c-aminobutyric acid (GABA) synaptic
transmission onto GHRH neurons [20].
In humans, ghrelin/obestatin prepropeptide gene (GHRL)
polymorphisms have been associated with pathologies linked to
an unbalanced energy homeostasis like anorexia or bulimia
nervosa [21,22]. One of those single nucleotide polymorphisms
(SNP) (Q to L substitution in position 90 of preproghrelin,
rs4684677) is located in the sequence encoding obestatin and
anorexic patients carrying this SNP have a lower minimum body
mass index (BMI) [23]. This polymorphism may thus influence the
function of obestatin.
In this study, we compared the effect of native and Q90L
obestatin in modulating ghrelin-induced food intake and GH
secretion. These two parameters were measured after co-
administration of the peptides in the light phase in ad libitum fed
C57BL/6 mice. To define the central sites of interaction of these
peptides, we assessed neuronal activation after co-administration
of ghrelin and native or Q90L obestatin, in two key regions
involved in regulation of GH secretion and/or food intake: the
ARC in the hypothalamus and the NTS in the brainstem.
Moreover, we investigated whether ghrelin and obestatin inter-
acted directly on ARC NPY and GHRH neurons which relay
ghrelin effects on food intake and GH release respectively [13,24–
29].
Results
Inter-individual variations in the effects of ghrelin, or
ghrelin combined with native (hOb) and Q90L obestatin
(hObQ90L) to modulate food intake and GH secretion
The ability of human obestatin (hOb) and hObQ90L to inhibit
ghrelin-induced food intake and GH secretion was tested after
administration of equimolar doses (30 nmol ip) of ghrelin and hOb
or hObQ90L during the light period in male C57BL/6 mice
(Figure 1). We observed a high variability in the responses to
peptides injections in individual mice and only a proportion
responded to stimulation by ghrelin. Based on these observations,
we determined a threshold to classify ghrelin-treated animals into
either high or low responders. This was possible because each
mouse was injected with each treatment in a cross-over designed
manner. For food consumption, the threshold was defined as the
mean value+3 standard deviations (SD) measured during 0–4 h
after saline injection. For GH secretion, the threshold was defined
as the mean value+3 standard deviations (SD) of the peak value
recorded.
Fifty nine percent of mice increased their food consumption
over a threshold of 0.42 g (high responders) 4 hours after ghrelin
injection whereas 41% of mice did not (low responders)
(Figure 1A). For GH secretion, 75% of mice exceeded the
calculated threshold of 143 ng/ml (high responders) (Figure 1B).
After co-administration of ghr+hOb or ghr+hObQ90L, the profile
of the distribution of the responses was similar between high and
low responders (Figure 1A and B). There was no difference
between the two forms of obestatin in reducing the ghrelin-
induced food intake or GH secretion when all animals were
included.
Based on the above observations, the results for food intake and
GH secretion were analyzed separately in high and low
responders, the latter being shown in the Supporting Information.
Native (hOb) and Q90L obestatin (hObQ90L) reduce
ghrelin-induced food intake in high responders
Feeding behavior was monitored after Ghr and/or after co-
administration of Ghr+hOb/hObQ90L in male C57BL/6 mice.
In high responders only, hOb and hObQ90L attenuated the
ghrelin-induced cumulative food intake within 4 hours following
treatments and the activity of the two forms of obestatin was
equivalent (Figure 2A). Within the first hour following the
injection, however, neither hOb nor hObQ90L inhibited the
effects of ghrelin.
Figure 1. Differential effect of ghrelin on food intake and GH
secretion in high and low-responders. (A) Cumulative 0–4 h food
intake and (B) GH peak of secretion in individual mice injected i.p with
saline (circles), 30 nmol of ghr (squares), ghr+hOb (triangles) or
ghr+hObQ90L (inverted triangles) (30 nmol). 4 hours after ghrelin
injection, 59% of mice increased their food consumption over a
threshold of 0.42 g (high responders, closed symbols) whereas 41% of
mice did not (low responders, open symbols) responders. The dotted
line represents the threshold for ghrelin response. Bar represents mean
of data. ***P,0.0001 vs saline.
doi:10.1371/journal.pone.0051135.g001
Obestatin-Q90L Effect on Feeding and GH Secretion
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The analysis of the meal pattern revealed that the inhibitory
effect of both forms of obestatin was due to a decrease in meal size
and duration (Figure 2B–D). The effect of hObQ90L appeared to
be slightly more pronounced than hOb more particularly in
reducing ghrelin’s effect on total meal duration.
In low responders, although ghrelin did not elicit an increase in
cumulative food consumption (Fgure 1A), mice did respond to co-
administration of ghr+hOb/hObQ90L notably by increasing meal
number, size and duration (Figure 1B–D). hOb or hObQ90L
injected alone did not affect food intake or meal pattern (Data not
shown).
Native (hOb) and Q90L obestatin (hObQ90L) reduce
ghrelin-induced GH secretion in high responders
The ability of hOb and hObQ90L to inhibit ghrelin-induced
GH secretion was tested after administration of equimolar doses
(30 nmol ip) of ghrelin and hOb/hObQ90L during the light
period in both male and female mice (Figure 3). In high responders
only, ghrelin induced an increase in the amplitude of GH secretion
and this was significantly reduced by co-administration of
Ghr+hOb but not Ghr+hObQ90L 20 minutes following the
injection only (Figure 3A). Due to the inter-individual variability in
all groups, the area under the curve (AUC) analysis showed a small
inhibitory effect of both forms of obestatin although not
statistically different from the ghrelin group (Figure 3B). There
was no significant difference observed in the responses to the two
forms of obestatin. In low responders, no statistical differences
were observed between treatments (Figure 2).
Q90L obestatin (hObQ90L) reduces ghrelin-induced cFos
immunoreactivity in ARC and NTS
cFos immunoreactive cells were quantified from 2.2/1.6 mm of
the interaural line for the ARC and from23.78/23.98 mm of the
interaural line for the NTS. Representative micrographs are
illustrated on Figure 4A and C for ARC and NTS respectively.
The increased number of cFos immunoreactive cells after ghrelin
injection was significantly reduced by hObQ90L in both ARC
(Figure 4B) and NTS (Figure 4D). The effects of both human
(hOb) and rat (rOb) obestatin on cFos activation were pooled as no
differences were observed between both forms (data not shown).
Q90L obestatin (hObQ90L) reduces ghrelin-induced cFos
immunoreactivity in ARC NPY neurons
GFP positive cell number was quantified from 2.2/1.6 mm of
the interaural line in the ARC. The number of GFP-positive
neurons did not differ between the treatment groups (Figure 5A
saline               (n=10)
ghr                   (n=10)



























































































































Figure 2. Effect of native (hOb) and Q90L obestatin (hObQ90L) on ghrelin-induced (Ghr) cumulative food intake and meal pattern
in high responders C57BL/6 mice. (A) Mean cumulative 4 h food intake after the different treatments in high responders. (B–D) Meal number, size
and duration within 4 h following the injections in high responders. Data represent mean6SEM. **P,0.01 vs saline, ***P,0.001 vs saline,
###P,0.001 vs ghr.
doi:10.1371/journal.pone.0051135.g002
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and Table S1). Ghrelin induced a significant increase in the
number of NPY neurons expressing cFos compared to saline-
injected animals (26% vs 2% of NPY neurons, respectively)
(Figure 5B). In NPY neurons, co-localization with cFos was
reduced significantly to 11% with hObQ90L but not with hOb
(Figure 5A). Only 8% of GHRH neurons expressed cFos following
ghrelin (Table S1). This was not significantly different from
controls due to the lower proportion of ghrelin-activated neurons
and the inter-individual variability.
Native (hOb) and Q90L obestatin (hObQ90L) inhibit the
ghrelin-induced decrease in evoked GABA synaptic
responses in GHRH neurons
Because ghrelin has been shown to reduce GABA synaptic
transmission to GHRH neurons, evoked GABA synaptic responses
were recorded in GHRH neurons expressing GFP. Both native
and hObQ90L obestatin dose-dependently inhibited ghrelin
effects on GABA transmission (Figure 6). hObQ90L obestatin
was 2.5 times more potent in inhibiting the ghrelin-induced
decrease of evoked GABA synaptic response in GHRH neurons
(EC50 18 mM for hObQ90L and 66.4 mM for hOb).
Discussion
In the present study, we observe that a natural variant of human
obestatin, hObQ90L, is slightly more active than the native
peptide to suppress some of ghrelin’s biological effects in mice that
respond to ghrelin. Indeed, only 59% and 75% of ghrelin-treated
mice responded to ghrelin’s actions on food intake and GH
secretion, respectively. To our knowledge, this is the first report
showing that i.p injection of ghrelin does not always lead to a
major increase in food consumption or GH secretion. As the
effects of obestatin can only be observed in high responders, inter-
individual heterogeneity in ghrelin responses may explain why
several studies failed to see any inhibitory action of obestatin on
ghrelin-induced food intake or GH secretion [30,31]. Controversy
concerning the physiological significance or pharmacological
actions of obestatin is partly due to the difficulty to reproduce
published data and to the lack of concordant information in the
literature [14,15,18,30,31]. Thus the pharmacological action of
obestatin in reducing ghrelin-induced food intake and GH
secretion [19] appears to depend upon the ability of individual
animals to respond to ghrelin. For instance, ghrelin-induced cFos
activation or feeding has been shown to be different in fed and
fasted states [19,32]. In the present study, we were unable to
demonstrate any correlation between the food consumed within
15 minutes prior to peptides injections and ghrelin-induced
feeding (R2=0,001, P= 0,8870). Thus, biological parameters, like
nutritional status or stress level, could impact on the response to
ghrelin but this remains to be demonstrated.
ObQ90L polymorphism is found in the general population with
a frequency of 2–14%. Although this single nucleotide polymor-
phism does not appear to be associated with metabolic or eating
disorders according to population studies [33–36], anorexic
patients carrying this SNP have a lower minimum body mass
index (BMI) [23]. Together with the current data, it may suggest
that ObQ90L polymorphism, located in the sequence encoding for
obestatin, has a stronger inhibitory action on some of the circuits
regulating feeding compared to the natural peptide, which has
been found to be a functional ghrelin antagonist previously
[19,20].
Although no significant difference between native and Q90L
obestatin is observed on cumulative food intake over 4 hours,
analysis of meal structure reveals that hObQ90L, at the dose of
30 nmol, has a slightly larger effect in reducing total meal duration
than the natural peptide. Real differences in potencies between
both peptides cannot be ascertained from analysis of feeding
pattern as dose-responses were not performed. At any rate, the
results indicate that native and Q90L obestatin partially reduce
ghrelin-induced food intake by modulating satiation (i.e meal
termination). A suppressive effect on the ghrelin-induced food
intake is not observed within the first hour following the injection,
suggesting that the inhibitory action of both native and Q90L
obestatin on ghrelin-induced food intake is delayed. However in a
previous study [19], the inhibitory effect of obestatin on the
ghrelin-induced food intake was observed immediately following
the injection. Such a discrepancy could be related to different
experimental paradigms, injections being performed just before
the dark phase in the previous study and during the light phase
herein. For ghrelin-induced GH secretion, inhibition by
Figure 3. Effect of native (hOb) and Q90L obestatin (hObQ90L)
on ghrelin-induced (Ghr) GH secretion in high responders
C57BL/6 mice. (A) Mean GH secretion in response to the different
treatments in high responders. (B) Area Under the curve of GH secretion
over 40 minutes in high responders. Data represent mean6SEM.
**P,0.01 vs saline, ***P,0.001 vs saline, #P,0.05 vs ghr+hOb.
doi:10.1371/journal.pone.0051135.g003
Obestatin-Q90L Effect on Feeding and GH Secretion
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hObQ90L is not more pronounced than native obestatin. In
addition, we were unable to demonstrate an effect of obestatin per
se, confirming most of previous data [22].
In the absence of an identified obestatin receptor and adequate
tools to study obestatin function (agonists or antagonists), the
mechanism of action of obestatin and its interaction with ghrelin in
the central nervous system have remained poorly understood. We
thus tested for the first time whether obestatin could modulate
ghrelin effects by acting on the same neuronal populations
synthesizing the orexigenic peptide NPY. ARC NPY neurons
are a well-characterized target for ghrelin actions in the
hypothalamus. In the rat, in-situ hybridization studies show co-
localization between the GHS-R and NPY (and GHRH) mRNAs
[9,10]. In addition, intravenous administration of GHRP-6, a
synthetic GHS, activates cFos in GHRH and NPY neurons:
around half of the activated cells are NPY containing and around
one quarter are GHRH containing cells [13]. Here, we describe
for the first time by using NPY-Renilla-GFP mice that i.p
administration of ghrelin activates 26% of NPY neurons in the
ARC while 53% of cFos immunoreactive cells are GFP positive.
This is consistent with previous results showing that a majority of
cFos immunoreactive cells after i.p injection of ghrelin express
NPY mRNA in mice [11]. The proportion of NPY neurons
expressing cFos is robustly reduced from 26 to 11% by Q90L
obestatin, demonstrating that the actions of this natural variant are
relayed through this population of orexigenic neurons. In addition,
the activation of NTS neurons, another target of ghrelin, is also
more reduced by Q90L obestatin than with the native peptide. As
the NTS relays information about satiety and satiation, these data
are consistent with an effect of obestatin on ghrelin-induced
increase in meal size and duration.
Only a small proportion of GHRH-eGFP neurons were
activated by ghrelin treatment in the current study (8% of
GHRH-eGFP neurons are cFos positive). Consequently, a
significant inhibitory action of obestatin on GHRH neurons using
cFos quantification could not be demonstrated, despite the fact
that GHRH neurons express the GHS-R [9,10] and GHRH does
play a role in ghrelin-induced GH secretion in rats [24]. In
addition, this contrasts with data obtained in rats showing that the
synthetic GHSs, GHRP-6 and KP-102, activate cFos in a
significant number of GHRH neurons, although the proportion
of GHRH cells expressing cFos mRNA was very different with
both GHS (38% with GHRP-6 and 20% with KP-102) [13,37].
Thus differences in activated cells from one study to another may
be due to species differences, measurement of mRNA versus GFP-
positive cells or to differences in the mechanism of actions of
various GHS-R ligands. A recent study from our laboratory using
patch-clamp recording in mice demonstrated that ghrelin activates
44% of recorded GHRH neurons by inhibiting GABA synaptic
transmission onto GHRH neurons and this was inhibited by
obestatin [20]. The discrepancies between the cFos data and
single-cell recording following ghrelin stimulation may be
explained by differences in the experimental conditions and
techniques used (electrically induced synaptic responses after direct
Figure 4. Effect of native (h/rOb) and Q90L obestatin (hObQ90L) on ghrelin-induced (Ghr) cFos immunoreactivity in C57BL/6 mice
in the arcuate nucleus (ARC) and in the nucleus tractus solitarius (NTS). (A and C) Representative confocal photomicrophotographs of the
cFos staining after each treatment in coronal sections at 1.9 mm of the interaural line in the ARC and 23.78 mm of the interaural line in the NTS ; (B
and D) Average of cFos-positive nuclei per section after the different treatments between 2.2/1.6 mm of the interaural line for the ARC and between
23.78/23.98 mm of the interaural line for the NTS. Data represent mean6SEM. ***P,0.001 vs saline, *P,0.05 vs saline, #P,0.05 vs ghr. Scale bar
represents 100 mm in the ARC and 50 mm in the NTS. 3V: third ventricle, ME: median eminence, DMH: Dorsomedial Hypothalamic nucleus, VMH:
Ventromedial Hypothalamic nucleus, ARC: Arcuate nucleus, NTS: Nucleus Tractus Solitarius, AP: Area Postrema, 10N: Dorsal Motor Nucleus of Vagus,
cc: central canal.
doi:10.1371/journal.pone.0051135.g004
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application of ghrelin on hypothalamic slices versus cFos activation
after peripheral ghrelin administration). Thus we compared the
effects of native and Q90L obestatin using patch-clamp recording
and demonstrated that Q90L obestatin blocks ghrelin-induced
decreases in GABA synaptic transmission more potently than
native obestatin. In contrast to the behavioral and physiological
observations in mice, cellular assays appear to reveal a difference
between native and Q90L obestatins.
In conclusion, hObQ90L not only retains its ability to reduce
ghrelin effects on food intake and GH secretion, in mice that
respond to ghrelin, but it also has a stronger effect than native
obestatin in inhibiting neuronal activity in key target circuits
regulating feeding or GH secretion. Substitution of one amino-
acid by another has previously been shown to modify the
biological activity of peptides [38,39]. These results extend our
knowledge about the mechanism of action of this functional
ghrelin antagonist and are in keeping with clinical data showing
that, in anorexic patients, this variant was more frequent amongst
women with the lowest body mass index [23].
Materials and Methods
Ethics Statement
All experiments were carried out in accordance with the
European Communities Council Directive (86/609/EEC) and
were approved by the Animal Experimentation Committee of
Paris Descartes University.
Animals
Adult C57Bl/6 male mice (Charles River) (11 weeks old upon
arrival) were housed in individual cages for the food intake
experiments. Heterozygous GHRH-eGFP transgenic mice [40]
and NPY-Renilla GFP transgenic male and female mice [41] were
obtained by crossing transgenic to C57Bl/6 mice. The transgenic
offspring were genotyped by PCR amplification of tail DNA. All
animals were housed in a room under controlled illumination (7:00
AM to 7:00 PM) and temperature (22–24uC) and had free access
to food and water. All experiments were started between 9:30 AM
and 10:30 AM. Male and female mice were used for GH response
and immunohistochemistry experiments and only males were used
for the feeding and electrophysiological experiments. No sex
differences were observed.
Acute injections of peptides
For the food intake and GH secretion experiments, mice
received an intraperitoneal (i.p) injection of saline, rat acyl-ghrelin
Figure 5. Effect of native (h/rOb) and Q90L obestatin
(hObQ90L) on ghrelin-induced (Ghr) cFos immunoreactivity
in arcuate nucleus (ARC) NPY neurons in C57BL/6 mice. (A)
Representative confocal photomicrophotographs of hypothalamic
coronal sections showing the merged images containing cFos staining
in red and NPY-GFP cells in green after each treatment at 1.9 mm of the
interaural line in the ARC. (B) Quantification of NPY-GFP positive cell
bodies expressing cFos in the ARC after the different treatments. Data
represent mean6SEM. ***P,0.001 vs saline, #P,0.05 vs ghr, $P,0.01
vs ghr+hOb. Scale bar represents 100 mm, 3V: third ventricle, ME:
median eminence.
doi:10.1371/journal.pone.0051135.g005
Figure 6. Effect of native (hOb) and Q90L obestatin (hObQ90L)
on the ghrelin-induced (Ghr) decrease of evoked GABA
synaptic responses in GHRH neurons. Dose response curves for
hOb and hObQ90L (10, 30, 100 and 300 nM) represented on a semi-
logarithmic scale. Ghrelin was applied at 300 nM. Data represent
mean6SEM. The dotted line represents the EC50 values, 18 mM and
66.4 mM for hObQ90L and hOBhOb respectively. The two curves show
significant differences (comparing best fit values of two groups using
Student T-test, P,0.001).
doi:10.1371/journal.pone.0051135.g006
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(ghr), ghrelin+human obestatin (ghr+hob) and ghrelin+human
Q90L obestatin (ghr+hobQ90L), 30 nmol each (NeoMPS Stras-
bourg, France). Experiments were repeated in a crossover
designed manner so that each mouse received all treatments
randomly separated by two days of washout. For the immunohis-
tochemical experiments, separate groups of mice received an i.p
injection of either saline, rat acyl-ghrelin, ghr+rat or human
obestatin (r/hOb), or ghr+hobQ90L (30 nmol each). 90 minutes
later the animals were anesthetized and perfusion-fixed (see
below).
Food intake monitoring and meal patterns analysis
Mice were habituated to single housing and to the automated
drinking/feeding station (TSE systems, GmbH, Germany) for 1
week before the beginning of the experiment. On each experi-
mental day, mice received an i.p injection of the peptides. Feeding
behavior was recorded continuously for 24 hours after the
injection by means of high precision sensors, attached to the top
of the cage.
Meal patterns were analyzed using the following definition: a
meal consists of the consumption of 0.03 g of food separated from
the next feeding episode by at least 10 minutes (intermeal interval,
[42–44]). For each mouse, the meal number, the total meal size (g)
and the total meal duration (minutes) were measured for 4 hours
following the injection of the peptides.
Repeated blood samplings for GH assay
Mice were habituated to single housing before the beginning of
the experiment and handled in order to minimize stress. 4 ml of the
whole venous blood was obtained from the tail vein every ten
minutes [45], for one hour after the i.p injection of the peptides.
Blood samples were collected in 116 ml of the Enzyme Immuno-
Assay (EIA) GH buffer (PBS-0.05% tween) and kept on ice until
the end of experiment and then transferred to 220uC for storage
before further analysis.
Whole blood GH concentrations were evaluated by EIA as
previously described [45].
Immunohistochemistry for cFos and co-localization
studies
GHRH and NPY neurons were visualized using GFP fluores-
cence. Specific co-localization experiments between GHRH or
NPY and cFos were performed as follows. Ninety minutes after i.p
injection of the peptides, the mice were anaesthetized (5.47 mg/
30 g BW of sodium pentobarbital) and perfused transcardially
with 0.9% saline followed by fixative containing 4% paraformal-
dehyde (PFA) in PB (0,1 M). The brains were removed, post-fixed
in 4% PFA in PB for 2 hours at room temperature and
cryoprotected in 30% sucrose for 2 days at 4uC before freezing
in 2-methyl-butane (at 235uC). Serial coronal sections, 25 mm
thick, were cut using a freezing microtome (Frigomobile, Leica,
Wetzlar, Germany). Immunofluorescence was performed on free-
floating sections, separated by 100 mm for the entire rostro-caudal
extent of the hypothalamic arcuate nucleus (ARC) and the nucleus
solitary tract (NTS) of the brainstem. The sections were first
incubated with primary antibody: anti-cFos raised in rabbit
(1:20000, Ab-5, Jackson Laboratories, West Grove, PA, USA)
and then with Cy3 conjugated donkey anti-rabbit antiserum
(1:800, Jackson Laboratories, West Grove, PA, USA). Sections
were examined using a Zeiss Axioplan microscope (Carl Zeiss, Le
Pecq, France). The number of cFos positive cell nuclei and GFP
positive cell bodies were counted bilaterally under a 406
magnification, in ARC (interaural line: 2.2 to 1.6 mm from
Paxinos and Watson’s mouse brain atlas, 1997) and in the NTS
(interaural line: 23.78 to 23.98 mm). GFP positive cell bodies
expressing cFos were visualized using a confocal SP5 microscope
(Leica, Wetzlar, Germany). The number of cells showing co-
localization was determined using the Image-J software (http://
rsbweb.nih.gov/ij/) on series of continuous optical sections with
0.5 mm increment along the z-axis of the section under a 406
magnification. Confocal images presented were obtained from
individual optical slices.
Electrophysiological Experiments
Electrophysiological experiments were conducted as described
previously [13]. Briefly, recordings were performed at room
temperature on 200 mm thick hypothalamic coronal slices from 8–
13 week-old male GHRH-eGFP transgenic CB57Bl/6J placed in a
bath solution containing 124 mM NaCl, 3 mM KCl, 1.25 mM
NaH2PO4, 1 mM MgSO4, 2 mM CaCl2, 26 mM NaHCO3,
10 mM Glucose, 10 mM CNQX (6-cyano-7nitroquinoxaline-2,3-
dione, AMPA-R antagonist) and 50 mM D-AP-5 (2-amino-5-
phosphonovalerate, NMDA-R antagonist), pH 7.3, 300–
310 mOsm/L, and perfused at a rate of 2 ml/minutes. GHRH-
eGFP ARC neurons were visually identified by fluorescent
microscopy. To record electrically induced synaptic responses,
patch recording pipettes were filled with 131 mM CH3O3SCs,
6 mM CsCl (intracellular Cs was used to block potassium
channels), 2 mM Mg Cl2, 10 mM HEPES, 1.1 EGTA, 5 mM
Lidocaine N-ethyl bromide (QX-314, to block sodium channels),
4 mM ATP-Mg, pH 7.3 (adjusted with 1 M CsOH) and 290–
300 mOsm/L. Neurons were voltage-clamped at 220 mV.
GABA synaptic responses were recorded using an Axopatch 1D
amplifier (Axon Instruments, Union City, CA, USA), digitized
using a Digidata 1200 interface (Axon Instruments) and stored on
a computer. On-line analysis and storage of current data into data
files performed using the pClamp 6.0.4 software from Axon
Instruments. In all experiments, stimuli (0.2 msec duration, 0.3–
1 mA intensity, 0.25 Hz) were applied to determine the postsyn-
aptic response amplitudes and to measure the time-dependent
effects of drugs. Drugs were diluted in the external medium to the
desired concentration and applied by bath perfusion (ghrelin:
300 nM, hOb/hObQ90L: 10, 30, 100 and 300 nM). After
acquisition of a 10 minutes baseline of current amplitudes, hOb
and hObQ90L were applied for 5–6 minutes, followed by
10 minutes washing periods. Amplitudes of induced synaptic
currents were normalized relative to the baseline prior to the
application of drugs.
Statistical analysis
Values are given as mean6SEM, and statistical analysis were
performed using ANOVA, repeated measure ANOVA followed
by a Fisher post-hoc test when the p value of the ANOVA was
significant (P,0.05) using statview software (SAS institute Inc.,
Cary, NC, USA).
Areas Under the Curve (AUC) were calculated by the
trapezoidal method.
The effects of the drugs in electrophysiological experiments
were determined by comparing the best-fit values of two dose-
response curves using Student T-test in the GraphPad PRISM 5
software (GraphPad Software, San Diego, CA, USA). The effect
were different if P,0.05.
Supporting Information
Figure S1 (A) Mean cumulative 4 h food intake after the
different treatments in low responders. (B–D) Meal number, size
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and duration within 4 h following treatment in low responders.
Data represent mean6SEM. *P,0.05 vs saline, **P,0.01 vs
saline, #P,0.05 vs ghr.
(EPS)
Figure S2 (A) Mean GH secretion in response to the different
treatments in low responders. (B) Area Under the curve of GH
secretion over 4 h in low responders. Data represent mean6SEM.
(EPS)
Table S1 Effect of native (h/rOb) and Q90L obestatin
(hObQ90L) on ghrelin-induced (Ghr) cFos immunoreac-
tivity in ARC NPY and GHRH neurons in C57BL/6 mice.
(EPS)
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Supplementary Figure S1. (A) Mean cumulative 4h food intake after the different treatments 
in low responders. (B-D) Meal number, size and duration within 4h following treatment in low 







Supplementary Figure S2. (A) Mean GH secretion in response to the different treatments in 







Supplementary Table S1. Effect of native (h/rOb) and Q90L obestatin (hObQ90L) on 










Cette étude montre que le variant naturel de l’obestatine, l’obestatine Q90L,
préservesacapacitéàinhiberleseffetsdelaghrélinesurlaprisealimentaireetlasécrétion
deGH.
De façon intéressante, cette étude a également permis de révéler l’existence de
différencesdanslaréponseàlaghrélinequecesoitsurlaprisealimentaire,lasécrétionde




rôle «antagoniste» sur les actions de la ghréline, sur le comportement alimentaire et la
sécrétiondeGH,esticiconfirméainsiquel’absencederôlephysiologiqueperse.
Le variant Q90L de l’obestatine apparaît de plus comme étant plus fort que
l’obestatinenativedans soneffetmodulateurde laghrélinenotammentauniveaude ses
ciblesneuronales.Ainsi,l’obestatineQ90Lréduitdefaçonplussignificativequel’obestatine
native l’activation neuronale induite par la ghréline au niveau des neurones à NPY mais
également au niveau duNTS dans le tronc cérébral et est plus puissante pour inhiber la
diminution de la transmission synaptique deGABA induite par la ghréline au niveau des

































Le but de cette étude a été de determiner si l’absence des peptides endogènes
dérivésde lapréproghréline,etnotamment l’absencedeghrélineacylée,pouvaitavoirun
impactdanslecontrôledelasécrétionpulsatiledeGH.
Pour ce faire, nous avons étudié l’activité de l’axe GH/IGFͲ1 chez des souris
déficientesenpréproghréline (ghrlͲ/Ͳ)quin’exprimentnighrélineniobestatine.Cessouris
ontétédévelopéespar leDr. Tomasetto au seinde l’IGBMCet la caractérisationde leur
phénotypen’avaitpasencoreétéréalisée.Dansunpremiertempsnousnoussommesdonc
intéressésàlacaractérisationduphénotypedecessourisghrlͲ/Ͳ.
Des précédents modèles de souris ghrlͲ/Ͳ ont été décrits dans la littérature. Ces
souris ne présentent pas de phénotype particulier à l’âge adulte et dans des conditions
nutritionnellesstandardsencequiconcerne leurcomportementalimentaire, leurpoidsou
leurtaille(DeSmet2005,Sunetal2003,Wortleyetal2004).Cependantaucuneétudene
s’estencore intéresséeà lacaractérisationde lapulsatilitéde lasécrétiondeGHchezces
sourisnotammentàcausedeladifficultéàeffectuerdesprélévementsdesangrépétéschez
ce petit animal. Dans un deuxième temps nous avons ainsi étudié la pulsatilité de la
sécrétiondeGHchezlessourisghrlͲ/Ͳ,grâceàunetechniquedeprélévementsrépétésàla
queue sur de petits  volumes sanguins récemment développée, couplée à un dosage
immunoenzymatique (EIA) trèssensibleetsélectifpermettantdedoser lesconcentrations
enGHsurdespetitsvolumesdesangtotal(Steynetal2011).
Enfin,desétudesontmontrédesdifférencesdans la sensibilitéà l’environnement
















GH peak amplitude is transiently blunted in young preproghrelin deficient mice. 
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Ghrelin is a gut hormone originating from the post-translational cleavage of preproghrelin and 
is the endogenous ligand of the Growth Hormone Secretagogue Receptor 1a (GHSR-1a). 
However, the role of the endogenous peptide in the regulation of pulsatile Growth Hormone 
(GH) secretion remains to be established. The main phenotypic change observed so far in 
preproghrelin knock-out (ghrl -/-) mice is a resistance to diet induced obesity when started 
shortly after weaning but not when started in older animals. The aim of this study was thus to 
compare the role of endogenous ghrelin in GH secretion at 7 and 36 weeks of age in ghrl -/- 
mice. In order to assess GH pulsatile secretion, blood samples were collected by tail 
bleeding every 10 min over a period of 6 h in unaesthetized ghrl -/- mice and wild type (WT) 
littermates. Cluster analysis showed a pulsatile GH secretory pattern in all genotypes at both 
ages. However GH peaks amplitude was significantly reduced in young ghrl -/- mice 
compared to the WT littermates while at the age of 36 weeks difference no longer occurred 
between genotypes. These results suggest that ghrelin is a transient regulator of GH peak 
amplitude. The origin of the reduction in the GH pulsatile secretion in young ghrl -/- mice 








Ghrelin is a 28 amino acid peptide principally synthesized in the stomach and originally 
described as the endogenous ligand of the Growth Hormone Secretagogue 1a Receptor 
(GHS-R1a). Ghrelin is the only orexigenic gastrointestinal peptide and one of its main 
functions is to stimulate growth hormone (GH) secretion (Tschop et al 2000). Binding of 
ghrelin to the GHS-R1a, which relays most of ghrelin’s biological effects, is made possible 
due to a post-translational acylation on its serine in position 3 (Gutierrez et al 2008, Yang et 
al 2008). In rats, treatment with a GHS-R1a antagonist at adult age modifies GH pulsatile 
secretion by reducing the amplitude of secretory peaks without affecting their frequency 
(Zizzari et al 2005), suggesting that acylated ghrelin is not involved in the generation of GH 
pulses but in their amplitude.  However, in mice, the role of endogenous ghrelin in the 
regulation of pulsatile GH secretion still remains to be established. 
 
Although the lack of clear phenotype in adult preproghrelin knockout mice (ghrl-/-) under 
balanced nutrition initially suggested that endogenous ghrelin may not be important in the 
regulation of feeding or GH secretion, subsequent data have revealed that ghrelin may play a 
role in certain situations. Several studies showed phenotypic changes in preproghrelin 
knockout mice (ghrl-/-) at specific ages while under standard conditions adult ghrl-/- mice do 
not show any differences compared to their wild type (ghrl+/+) littermates  (Sun et al 2003), 
(Wortley et al 2004). More specifically, differences in the control of energy homeostasis and 
metabolism were observed during aging Ma (Ma et al 2011) or when mice were exposed to 
an environmental challenge, like a high fat diet, shortly after weaning or as young adults 
(Wortley et al 2005). We thus hypothesized that ghrelin could play a key role in the regulation 
of energy homeostasis and GH secretion during post-natal life and/or aging. 
 
Therefore, the aim of this study was to establish and compare the role of endogenous ghrelin 
in the regulation of GH secretion in young adults (7 weeks old) and older (36 weeks old) ghrl-
/- and ghrl+/+ mice. In that purpose, we developed a new strain of ghrl-/- mice and 
characterized the GH/IGF-1 axis thanks to a recently developed blood sampling technique 




MATERIALS AND METHODS 
 
Ethic Statements 
All experiments were carried out in accordance with the European Communities Council 
Directive (86/609/EEC) and were approved by the Animal Experimentation Committee of 
Paris Descartes University.  
 
Animals
Experiments were conducted, during the light phase, in ghrl-/- and ghrl+/+ male mice (exept 
for ghrelin assay and GH pituitary contents where male and female were used) aged of 7 or 
36 weeks. Mice were backcrossed on the C57BL/6 genetic background and were housed in 
a room under controlled illumination (7:00 AM to 7:00 PM) and temperature (22-24°C) and 
had free access to food and water. Offsprings were genotyped by PCR amplification of tail 
DNA. All animals were housed in a room under controlled illumination (7:00 AM to 7:00 PM) 
and temperature (22-24°C) and had free access to food and water.  All experiments were 
started between 9:30 AM and 10:30 AM.  
 
Weight and height measures 
Mice were anesthetized with isofluorane and measured from nose to anus and then weighed. 
 
Repeated blood samplings for GH assay 
Mice were habituated to single housing before the beginning of the experiment and handled 
in order to minimize stress. 4µl of the whole venous blood was obtained from the tail vein 
every ten minutes (Steyn et al 2011a), and during 6h. Blood samples were collected in 116µl 
of the Enzyme ImmunoAssay (EIA) GH buffer (PBS-0.05% tween) and kept on ice until the 
end of experiment and then transferred to -20°C for storage before further analysis. 
Hormone assays 
Whole blood GH concentrations were evaluated by enzyme immunoassay (EIA) as 
previously described (Steyn et al 2011a). IGF-1 concentrations in plasma were evaluated by 
EIA (ALPCO 22-IG1MS-E01, USA). Acyl and des-acyl ghrelin were evaluated by specific EIA 







Hypothalamus were dissected and mRNA extracted with Trizol reagent (Invitrogen, CA, 
USA). cDNA were obtained from reverse transcription of 500ng total RNA. Expression of 
hypothalamic SRIH (Mm00436671-m1), GHRH (Mm00439098-m1) NPY (Mm00445771-m1), 
POMC (Mm00435874-m1), AgRP (Rn01431703-g1) and GHS-R 1a (Mm00616416-m1) were 
quantified using TaqMan gene expression assays (Applied Biosystems Inc., CA, USA) and 
18S (Hs99999901-s1) was used as a housekeeping gene. Relative quantification (RQ) was 
calculated using the 2-ǻǻCt formula where Ct is the threshold cycle of PCR at which 
amplified product was detected and 2-ǻǻCt represents the fold change in gene expression 
normalized to 18S and relative to the WT group. 
Statistical analysis 
Values are given as mean±SEM, and statistical analysis were performed using ANOVA, 
repeated measure ANOVA followed by a Fisher post-hoc test when the p value of the 
ANOVA was significant (p<0.05) using statview software (SAS institute Inc., Cary, NC, USA). 
Areas Under the Curve (AUC) were calculated by the trapezoidal method. 
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Generation and characterization of ghrl null mice  
The mouse preproghrelin genomic DNA was isolated by screening of a 129/SvJ mouse 
genomic library with the preproghrelin cDNA. Genomic clones containing the ghrelin coding 
sequence were analyzed by restriction mapping. The targeting construct was designed to 
delete the leader sequence and the ghrelin coding sequence, encompassing exons 2 and 3 
by Cre-loxP recombination. The SstI fragment of about 8 kb containing the whole gene was 
obtained by partial SstI digestion and inserted into a modified pBS vector. A unique SalI site 
was inserted upstream of exon 2 by site directed mutagenesis. This site was used to insert a 
LoxP site. The neomycine resistance gene cassette flanked by two LoxP sites was inserted 
into a unique KpnI site present downstream of exon 3. After electroporation with the 
linearized targeting construct, two hundred and thirty six G418-resistant embryonic stem (ES) 
cell clones were selected. Targeting of the ghrelin locus was determined by Southern blot 
hybridization with 5’ and 3’ genomic probes present outside of the construct (Figure 1A-B). 
Hind III digestion of genomic DNA generated a WT fragment of 4 kb and a targeted allele (L3) 
fragment of 6 kb. A single insertion of the construct was confirmed by hybridization of a 
probe specific for the neomycin-resistance gene. Sixteen targeted ES cell clones were 
obtained and karyotype analysis was performed on clones #72 and 76. The deleted and 
floxed ghrelin alleles were obtained by transient transfection of the Cre recombinase in the 
targeted ES cell line #76. Among the 78 G418- sensitive clones obtained, clones #9 and 6 
had a deleted (-) and floxed (L2) alleles, respectively (Figure 1A-B). Ghrelin +/í and +/L2 ES 
cells were injected into C57BL6/J blastocysts to generate chimeric mice. The resulting male 
chimeras were backcrossed with C57BL6/J females, and germ-line transmission in F1 
ghrelin +/í and L2 mice was verified by PCR analysis (Figure 1C). 
Quantity and concentration of acylated (AG) and des-acylated (DAG) ghrelin in stomach and 
plasma respectively were evaluated in ghrl -/- and ghrl +/+ mice. The ghrl -/- mice do not 
synthetize neither AG nor DAG (Figure 2). Acylated ghrelin receptor, GHS-R1a, expression 
was measured by RT-PCR and was identical in both genotypes (data not shown).     
 
GH pulsatility in ghrl -/-, ghrl +/- and ghrl +/+ in 7 and 36 weeks old mice 
In 7 weeks ghrl -/- mice, a decrease in GH secretion is observed compared to ghrl +/+ mice 
(Figure 3A) with a reduction of the area under the GH secretion curve (AUC) due to a 
decrease in peaks amplitude in ghrl -/- mice when compared to ghrl +/- and ghrl +/+ mice 




(Figure 3B) and differences between ghrl -/- and ghrl +/+ mice are no longer observed 
(Figure 4).         
 
Weight, height and IGF-1 measures in ghrl -/-, ghrl +/- and ghrl +/+ in 7 and 36 weeks 
old mice 
Length and weight between ghrl-/- and ghrl +/+ mice are similar at both ages. Although a 
tendency to a decreased IGF-1 concentration in 7 weeks ghrl-/- mice is observed compared 
to ghrl +/+ littermates, it does not reach significance (Table 1). IGF-1 concentrations are 
decreased with aging while length and weight are increased. 
 
GH pituitary contents in ghrl -/-, ghrl +/- and ghrl +/+ in 7 and 36 weeks old mice 
Although no difference in GH pituitary contents is observed between mice of the different 
genotypes at both ages, a significant decrease of GH quantity occurs with aging (Table 1). 
Expression of hypothalamic neuropeptide involved in the regulation of GH secretion 
and food intake in ghrl -/-, ghrl +/- and ghrl +/+ in 7 weeks old mice 
GHRH expression is increased in 7 weeks old ghrl-/- mice compared to ghrl +/+ mice (Figure 
5). A significant difference in the expression of the other hypothalamic neuropeptides is not 
observed between the different genotypes. However, a factor analysis revealed a change in 
the expression of neuropeptides involved in the regulation of GH secretion (GHRH, SRIH 
and NPY) between 7 weeks old ghrl-/- and ghrl+/+ mice while no difference was observed 






The present study indicates that endogenous ghrelin is involved in the regulation of GH 
secretion during development and in early adulthood. Indeed, GH secretion is reduced in 7 
weeks ghrl-/- mice while this secretion is restored in older mice (36 weeks). It is the first time 
to our knowledge that secretory profiles in ghrl-/- mice are measured. This diminution in GH 
secretion in young ghrl-/- mice seems to have no impact on body growth: length and weight 
are identical to ghrl+/+ mice as IGF-1 plasmatic concentrations. These observations confirm 
the results obtained by other groups working in different models of ghrl-/- mice  (Sun et al 
2003), (Wortley et al 2004) (De Smet 2005). However when ghrl-/- mice were subjected to a 
high fat diet shortly after weaning they develop a resistance to obesity induced by this kind of 
diet (Wortley et al 2005) suggesting a critical role for ghrelin in regulation of energy 
homeostasis during post-natal life. Thus ghrelin may be a transient regulator of energy 
homeostasis and GH secretion during post-natal life. 
 
Administration of a GHS-R 1a antagonist leads to a reduction in GH peak amplitude without 
modifications in the frequency  (Zizzari et al 2005). This is concordant with the diminution of 
peaks height in 7 weeks old ghrl-/- mice and confirms that ghrelin regulate GH peaks 
amplitude rather than its pulsatile pattern. Surprinsingly, this altered GH secretion is not 
associated with significant differences in the body length. Although a diminution of GH 
secretion is observed in 7 weeks ghrl-/- mice, the pulsatile rhythm is intact and may be 
sufficient to maintain growth. Indeed, repeated GH administrations are more efficient to 
induce growth and IGF-1 secretion than the same quantity of GH injected as a bolus (Clark 
and Robinson 1985) (Isgaard et al 1988) (Maiter et al 1988). Thus, despite the reduction in 
GH peak amplitude, growth is not changed compared to ghrl+/+. The activity of ghrelin to 
stimulate GH secretion is dependent on the presence of an eight-carbon fatty acid residue 
attached to Ser in position 3. Mice deficient for GOAT, the enzyme that acylates ghrelin, 
have undetectable circulating levels of acylated ghrelin but increased desacyl ghrelin. 
Although growth retardation or changes in body composition have been reported in this 
model, they have reduced GH secretion and are unable to maintain normal blood glucose 
during severe caloric restriction (Zhao et al 2010a). Thus acylated ghrelin, although not 
critical for normal growth, may be necessary to maintain GH levels for adapting metabolism 





But we cannot exclude an impact earlier during development or on other parameters 
regulated by GH like lipid metabolism and energy homeostasis (Casanueva 1992) (Moller et 
al 1990) (Horber and Haymond 1990).  
 
The reduction in GH secretion does not seem to be the consequence of reduced GH pituitary 
contents as at both ages, there were no difference between genotypes. However, as 
expected, in all genotypes mice are taller and heavier when aging and IGF-1 concentrations 
and pituitary GH contents are increased (Sonntag et al 1980).  
 
Among all neuropeptides expression that we tested by real-time RT-PCR, only GHRH is 
increased in 7 weeks ghrl-/- mice. This may be the result of a compensatory mechanism that 
takes place in order to stimulate GH secretion in the absence of endogenous ghrelin. A 
previous study had already explored the hypothalamic expression of the same neuropeptides 
in ghrl -/- mice and had not seen any difference with ghrl+/+ mice but this was in older mice 
(De Smet 2005).  Furthermore, the factor analysis shows a change in the peptides involved 
in the GH secretion of 7 weeks old ghrl-/- mice, which is concordant whit the difference in GH 
secretion that we observe between ghrl-/-, and ghrl+/+ mice at this age. Expression of the 
same neuropeptides at 36 weeks would be interesting to analyse if the difference between 
genotypes is corrected.  
Moreover, we cannot exclude that a defect of hypothalamic GHRH release occurs in ghrl-/- 
mice nor a defect of GH release at the pituitary level. The expression of GHRH-R at the 
pituitary level could also be affected and will be interesting to be compared in the two 
genotypes. 
 
In conclusion, endogenous ghrelin does modulate GH pulse amplitude in young mice 
suggesting that ghrelin is important for regulating pulsatile GH secretion during post-natal life. 
It can be interpreted as a mechanism to rapidly adapt to changes in the environement when 
animal are still growing. 
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used forPCRscreeningareshown. (B)Genotypingof+/+,+/о,+/L2and+/L3EScell lines.
Southern blot analysis was performed on HindIIIͲdigested DNA with the radiolabeled 3’Ͳ
probe. Arrows indicate the 4 kb wildͲtype or L2 , the 6 kb L3 and the 3.5kb deleted
fragments . (C)GenotypingandWesternblotanalysis forghrelinexpression. In theupper



















Individual6hGHsecretionprofiles in7weeksoldghrl+/+ (blue)andghrlͲ/Ͳ (red)mice. (A)
































Figure 6: Factor Analysis of the expression of the hypothalamic ARC neuropeptides



















































Table 1: Weight, nasoͲanal length, plasma IGFͲ1 and pituitary GH content in 7 and 36
weeksoldpreproghrelin+/+andͲ/Ͳmice.















Les quantités de ghréline acylée (AG) et non acylée (DAG) de l’estomac et les
concentrations plasmatiques de ces mêmes peptides ont été mesurées par dosages
immunoenzymatiques spécifiques de chacunes des formes (SPIbio bertin pharma, A05118 














Les ratiosdeAG/DAGdans l’estomacet leplasma sontenvirondiviséspardeux chez les
sourisghrl+/Ͳlorsqu’ellessontcomparéesauxsourissauvages(ghrl+/+).Cettediminutiondu
ratio AG/DAG est principalement due à la baisse de la quantité dans l’estomac ou de la
contentrationplasmatiquedeghrélineacyléechezlessourighrl+/Ͳ.
Leprofilpulsatilede la sécrétiondeGH aensuiteétéexploré chez ces souris ghrl+/Ͳqui
présentent environ deux fois mois de ghréline acylée dans la circulation. La sécrétion
pulsatiledeGHaétémesuréesur6hchezdessourismâlesghrl+/Ͳetghrl+/+âgéesde7et
























et36 semaines.Lesdonnées sont rerpésentéesenmoyennesrSEM.7 semainesghrl+/+:n=4,36
semainesghrl+/+:n=5,7semainesghrl+/Ͳ:n=6,36semainesghrl+/Ͳ:n=6.

Malgré une concentration plasmatique en ghréline acylée divisée par deux, aucune
différencedanslesprofilsdesécrétionpulsatiledeGHn’estobservéeentrelessourisghrl+/Ͳ
































La prise alimentaire a été mesurée en condition basale chez les souris ghrlͲ/Ͳ pour
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@P(Ea>ABQOK! *?*'%*! $.! *==*+! /.+/7&.1(+*! ($'! 4/! 6'1(*! /412*.+/1'*! /4&'(! C$*! 4/! (*%'*+1&.!
6$4(/+14*!)*!AB!.:*(+!6/(!/==*%+,*!U#(/b/Z/!*+!/4!T\\E!-!cb12$'/!*+!/4!T\\EW<!5*(!6*6+1)*(!
(*294*.+! )&.%! 1.+,'*((/.+(! 6&$'! 4:,+$)*! )*(! 0&1*(! )*! (17./41(/+1&.! 78',41.*_ABV>Q!
.&+/22*.+! /=1.! )*! %194*'! )*(! /%+1&.(! (6,%1=1C$*(! )*! 4/! 78',41.*! (/.(! /==*%+*'! 4*(! /$+'*(<!
5*6*.)/.+! 4*(! %194*(! .*$'&./4*(! *+! 4*(! 2*%8/.1(2*(! %*44$4/1'*(! 12641C$,(! )/.(! 4/!
(17./41(/+1&.!41,*!S!%*(!6*6+1)*(!(&.+!2/4!%&..$*(<!
O&$'!.&+'*!,+$)*-!.&$(!.&$(!(&22*(!1.+,'*((,(!S!$.!/.+/7&.1(+*!(6,%1=1C$*!)$!ABV>
Q"/-! 4*! ]MdT["KE! /1.(1! C$:S! $.! /7&.1(+*! 4*! ]MdT["E"<! @:1.=$(1&.! %8'&.1C$*! )*! %*! 6*6+1)*!
/9&$+1! S! $.*! )121.$+1&.! )*! 4:/2641+$)*! )*(! 61%(! (,%',+&1'*(! )*! AB! (/.(! /==*%+*'! 4/! 6'1(*!
/412*.+/1'*! 1! Ue1GG/'1! *+! /4! T\\fW<! g.*! ,+$)*! /! )*! 64$(! 2&.+',! $.*! /%+1&.! /7&.1(+*! )$!
]MdT["KE!/)21.1(+',!S!=&'+*(!)&(*(!6$1(C$*!%*!)*'.1*'!1.)$1+!4/!6'1(*!/412*.+/1'*-!4/!6'1(*!)*!














C$*!)*! 4/!78',41.*!%8*G! 4*(!(&$'1(!78'4>_>!C$1!.:*?6'12*.+!/$%$.!)*(!6*6+1)*(!),'10,(!)*! 4/!
6',6'&78',41.*! *+! C$*!.&$(! /01&.(! %/'/%+,'1(,*(! 4&'(! .&+'*! 6',%,)*.+*! ,+$)*<!F&$(! /0&.(!






























































(*%'*+1&.! /.)! =**)1.7! /'*! *?%4$(10*4P! 2*)1/+*)! +8'&$78! +8*! 7'&Z+8! 8&'2&.*! (*%'*+/7&7$*! "/!




/7&.1(+(-! 1.%4$)1.7! ./+10*! 78'*41.! /.)! +8*! 6&+*.+! (P.+8*+1%! /7&.1(+-! ]Md>T["E"-! +&!2&)$4/+*! =&&)!
1.+/b*-!AB!(*%'*+1&.!/.)!%>N&(!/%+101+P!1.!#'%F-!FkV!/.)!#O!1.!Z14)>+P6*!/.)!FO^>ANO!21%*<!
]Md>T["E"!Z/(!/(!*==*%+10*!/(!78'*41.! 1.! (+12$4/+1.7!AB! (*%'*+1&.-!9$+!2&'*!/%+10*! +8/.!78'*41.! 1.!
1.)$%1.7! =**)1.7<! M+! (+12$4/+*)! %N&(! /%+101+P! (1214/'4P! +&! 78'*41.! 1.! +8*! FkV! /.)! #O! 9$+! Z/(! 2&'*!
6&Z*'=$4!1.!+8*!#'%F-!($77*(+1.7!+8/+!+8*!($6*'>/7&.1(+!/%+101+P!&=!]Md>T["E"!1(!2&(+4P!2*)1/+*)!1.!





M.! %&.%4$(1&.-! +8*(*! )/+/! )*2&.(+'/+*! +8/+! +Z&! 6*6+1)*! /./4&7(! &=! 78'*41.-! ]Md>T["KE! /.)! ]Md>
T["E"-!/'*!6&Z*'=$4!(+12$4/+&'(!&=!/66*+1+*!1.!21%*-!/%+1.7!+8'&$78!6/+8Z/P(!/.)!b*P!9'/1.!'*71&.(!

















1.1+1/44P! )*(%'19*)! =&'! 1+(! /9141+P! +&! (+12$4/+*! 7'&Z+8! 8&'2&.*! UABW! (*%'*+1&.! 1.! (*0*'/4! (6*%1*(!






1.0&40*)! 1.! +8*! %&.+'&4! &=! AB! (*%'*+1&.! /.)! /66*+1+*-! /.)! /4(&! 1.! +8*! 9'/1.(+*2! +8/+! '*%*10*(!
1.=&'2/+1&.(! ='&2! 7$+! 0/7/4! /==*'*.+(! UA$/.! *+! /4<-! "XXIoY/+/P/2/! *+! /4<-! T\\\W<! p1+81.! +8*!
8P6&+8/4/2$(-! FO^! .*$'&.(! 1.! +8*! /'%$/+*! .$%4*$(! U#'%FW! *?6'*((! +8*! ABV>Q"/! Up144*(*.! *+! /4<-!
"XXXok/..*.9/$2!*+!/4<-!T\\EW-!/.)!/'*!/!Z*44>%8/'/%+*'1G*)!+/'7*+!=&'!78'*41.!/%+1&.(!Uk/..*.9/$2!
*+! /4<-! T\\Eo58*.! *+! /4<-! T\\hW<! F*0*'+8*4*((-! (*0*'/4! (+$)1*(! 8/0*! ($77*(+*)! +8/+! %*'+/1.! 78'*41.!
/%+1&.(!2/P!9*!2*)1/+*)!+8'&$78!/!'*%*6+&'!+8/+!8/(!P*+!+&!9*!1)*.+1=1*)<!
V*0*'/4! ABV>Q"/! /.+/7&.1(+(! 8/0*! 9**.! )*0*4&6*)! +&! )*%168*'! +8*! =$.%+1&.! &=! +8*! 78'*41._ABV>Q!
6/+8Z/P!1.!+8*!'*7$4/+1&.!&=!=**)1.7!9*8/01&'!/.)!AB!(*%'*+1&.!U#(/b/Z/!*+!/4<-!T\\Eocb12$'/!*+!/4<-!
T\\Eo]*%b! *+! /4<-! T\\hoB/4*2! *+! /4<-! T\\hoL*2/.7*! *+! /4<-! T\\IoR(4*'! *+! /4<-! T\\IoO*+*'(*.! *+! /4<-!
T\\X!o5&(+/.+1.1! *+! /4<-! T\""od&$41.! *+! /4<-! T\"TW<! #4+8&$78! +8*P! 8/0*! /44! 9**.! %4*/'4P! (8&Z.! +&!
/.+/7&.1G*! *?&7*.&$(! 78'*41.! /%+1&.(! &.! AB! (*%'*+1&.! 9&+8! 1.! )*( +),#-! (P(+*2(! /.)! )*( +)+--! +8*1'!
91&4&71%/4!*==*%+(!6*'!(*!&.!(*0*'/4!91&4&71%/4!6/'/2*+*'(!/'*!%&.+'/)1%+&'P!/.)!+8*1'!2*%8/.1(2(!&=!
/%+1&.! 1.! +8*! %*.+'/4! .*'0&$(! (P(+*2! '*2/1.! 6&&'4P! $.)*'(+&&)<! M.)**)-! 1.+'/%*'*9'&0*.+'1%$4/'!
1.H*%+1&.(!&=!+Z&!/.+/7&.1(+(-!`L>@P(Ea>ABQOK-!/.!/./4&7!&=!&.*!&=!+8*!(P.+8*+1%!ABV!U#(/b/Z/!*+!/4<-!
T\\EW!&'!`L>#'7>"-!L>O8*>f-!L>k'6>I-X-@*$>""a>($9(+/.%*!O-!/.!/./4&7!&=!($9(+/.%*!O!UO*+*'(*.!*+!/4<-!









k'6>I-X-@*$>""a>($9(+/.%*! O! /4(&! 8/(! =$44! 1.0*'(*! /7&.1(+! /%+1&.! )*( +),#-! /.)! )*( +)+-! UB&4(+! *+! /4<-!
T\\EoO*+*'(*.!*+!/4<-!T\\XW<!k&!)/+*-! +8*!*==*%+(!&=! jdiT["\-!/.&+8*'! '*%*.+4P!)*0*4&6*)!ABV>Q"/!
/.+/7&.1(+-!&.!(6&.+/.*&$(!=**)1.7!&'!AB!(*%'*+1&.!8/0*!.&+!9**.!'*6&'+*)!UL*2/.7*!*+!/4<-!T\\IW<!
c.4P! +8*! =$44>4*.7+8! 78'*41.! /./4&7-! ]Md>T["KE! U.&Z! %/44*)! Qd>T["KEW-! 8/(! 9**.! +*(+*)! &.! 9&+8!
(6&.+/.*&$(!AB!(*%'*+1&.!/.)! =&&)! 1.+/b*<!k'*/+2*.+!Z1+8! +81(! (*4*%+10*!ABV>Q"/!/.+/7&.1(+!&0*'!
h[8! 1.!'/+(! '*)$%*(!6$4(/+14*!AB!(*%'*+1&.! Ue1GG/'1!*+!/4<-!T\\fW<! M.!%&.+'/(+-! 1+! 1.%'*/(*(! =&&)! 1.+/b*!
/.)!Z*178+!7/1.!/(!*==*%+10*4P!/(!78'*41.!Z8*.!/)21.1(+*'*)!/+!f!+&!"\>=&4)!8178*'!)&(*(!+8/.!78'*41.!
UB/4*2! *+! /4<-! T\\hoB/4*2! *+! /4<-! T\\fW<! M.+*'*(+1.74P-! ]Md>T["KE! 1.)$%*(! %N&(! /%+10/+1&.! 1.! +8*!
)&'(&2*)1/4! .$%4*$(!&=! +8*!8P6&+8/4/2$(! ULdBW!Z814*! 1+! /%+(! /(! /.! /.+/7&.1(+! 1.! +8*!#'%F!&=! +8*!
8P6&+8/4/2$(<! k8*(*! )/+/! /'*! %&''&9&'/+*)! 9P! /!2&'*! '*%*.+! (+$)P! /4(&! )*(%'191.7! /! (+12$4/+&'P!
*==*%+! &=! /.&+8*'!ABV>Q"/! /.+/7&.1(+-! AVY"K"hEhE-! &.! =**)1.7! 1.! '/+(! /.)! )&7(! U5&(+/.+1.1! *+! /4<-!
T\""W<! #4+&7*+8*'! +8*(*! )/+/! /'*! 1.+'17$1.7! /.)! ($77*(+! +8*! *?1(+*.%*! &=! /.! $.b.&Z.! 6/+8Z/P!
2*)1/+1.7!+8*!*==*%+(!&=!+8*(*!78'*41.!/.+/7&.1(+(!&.!=**)1.7!+8'&$78!*1+8*'!+8*!ABV>Q"/!&'!/.&+8*'!
$.b.&Z.! '*%*6+&'<! g.)*'(+/.)1.7! +8*! 2*%8/.1(2(! &=! /%+1&.! &=! +81(! %&26&$.)! +8/+! )1==*'*.+1/44P!
/==*%+!=**)1.7!/.)!AB!(*%'*+1&.!%/.!9*!&=!%41.1%/4!1.+*'*(+<!
M.!+8*!6'*(*.+!(+$)P-!Z*!%&26/'*)!+8*!*==*%+!&=!]Md>T["KE-!]Md>T["E"!UV+'/((9$'7!*+!/4<-!T\\[oO/4$(!
*+! /4<-! T\""W-! ./+10*! 78'*41.! /.)! +8*! %&291./+1&.! &=! ]Md>T["KEm78'*41.! 1.! +8*!2&)$4/+1&.! &=! =&&)!
1.+/b*-!AB!(*%'*+1&.!/.)!%N&(!/%+101+P!1.!=*)!21%*<!c$'!/12!Z/(!+&!2/6!%8/.7*(!1.!%N&(!/%+10/+1&.!1.!

















+8*! +'/.(%'16+1&./4! %&.+'&4! &=! +8*!FO^!7*.&21%! (*C$*.%*! Ui/.!L*.!O&4! *+! /4<-! T\\XW!Z*'*!$(*)! =&'!
%N&(! *?6*'12*.+(<! d1%*! Z*'*! 8&$(*)! /+! %&.(+/.+! +*26*'/+$'*! /.)! 8$21)1+P-! Z1+8! /! =1?*)! "T>8!
4178+_)/'b!%P%4*! U4178+(>&.!/+!I<\\!/2W!/.)! ='**!/%%*((! +&! =&&)!/.)!Z/+*'<! ! M.!/))1+1&.-! +8*!/.12/4(!
Z*'*!8/.)4*)!Z**b4P! +&!21.121G*! (+'*((<!#44! *?6*'12*.+(!Z*'*! %/''1*)!&$+! 1.! /%%&')/.%*!Z1+8! +8*!
R$'&6*/.! 5&22$.1+1*(! 5&$.%14! L1'*%+10*! U[K_K\X_RR5W! /.)! Z*'*! /66'&0*)! 9P! +8*! #.12/4!
R?6*'12*.+/+1&.!5&221++**!&=!O/'1(!L*(%/'+*(!g.10*'(1+P<!
)*+,#-*'(




c.*!Z**b!6'1&'! +&! +8*!*?6*'12*.+(-!"[>Tf!Z**b!&4)!5fI]@K_j!2/4*!21%*!Z*'*! 1.)101)$/44P!8&$(*)!
/.)! /%%412/+1G*)! +&! +8*! /$+&2/+*)! )'1.b1.7_=**)1.7! (+/+1&.(! UkVR! VP(+*2(-! A29B-! A*'2/.PW<!
N**)1.7!9*8/01&'!Z/(!'*%&')*)!%&.+1.$&$(4P!9P!2*/.(!&=!8178!6'*%1(1&.!(*.(&'(-!/++/%8*)!+&!+8*!+&6!
&=! +8*!%/7*! 41)(<!d*/4!6/++*'.(!Z*'*!/./4PG*)!$(1.7!+8*!=&44&Z1.7!)*=1.1+1&.l!/!2*/4!%&.(1(+(!&=! +8*!
%&.($26+1&.! &=! \<\E! 7! &=! =&&)! (*6/'/+*)! ='&2! +8*! .*?+! =**)1.7! *61(&)*! 9P! /+! 4*/(+! "\! 21.! /(!




)*(17.*)!2/..*'!(&! +8/+!*/%8!2&$(*!'*%*10*)!/44! +'*/+2*.+(! '/.)&24P!(*6/'/+*)!9P! +Z&!Z/(8&$+!



























/.)! (*%+1&.*)! 1.! +8*! %&'&./4! 64/.*! /+! /! +81%b.*((! &=! Tf>f\! s2! $(1.7! /! ='**G1.7! 21%'&+&2*!
UN'17&2&914*-!@*1%/-!p*+G4/'-!A*'2/.PW<!!
N&'! +8*! )*+*%+1&.! &=! %N&(! 6'&+*1.! *?6'*((1&.-! ='**>=4&/+1.7! (*%+1&.(! Z*'*! 6'&%*((*)! =&'!
122$.&81(+&%8*21(+'P<! V*%+1&.(! Z*'*! 1.%$9/+*)! 1.! 94&%b1.7! 9$==*'! U"\q! F&'2/4! L&.b*P! V*'$2-!



















C$/.+1=1*)! $.14/+*'/44P! $.)*'! h\t! 2/7.1=1%/+1&.! $(1.7! /! %&.=&%/4! VOf! 21%'&(%&6*! U@*1%/-! p*+G4/'-!
A*'2/.PW<! 5&>4&%/41G/+1&.(! Z*'*! )*+*'21.*)!Z1+8! +8*! M2/7*>j! (&=+Z/'*! U8++6l__'(9Z*9<.18<7&0_1H_W!
&.!(*'1*(!&=!%&.+1.$&$(!&6+1%/4!(*%+1&.(!Z1+8!\<fµ2!1.%'*2*.+!/4&.7!+8*!G>/?1(!&=!+8*!(*%+1&.<!
#-/-,3-,7/9(/1/9E353(
i/4$*(! /'*! 710*.! /(! 2*/.vVRd<! V+/+1(+1%/4! /./4P(*(! Z*'*! 6*'=&'2*)! $(1.7! #Fci#-! '*6*/+*)!




p*! /'*! 7'/+*=$4! +&! #41%*! 5&$7.&.! =&'! +8*! %/'*! &=! +8*! /.12/4(! /.)! +&! j$41*! 5&7.*+! =&'! +*%8.1%/4!
/((1(+/.%*<!













"8857-( 08( @A#B!O/( /<01,3-3( /12( /1-/<01,3-3( 01( 8552,1<( 65=/H,0>P( N**)1.7! Z/(! 2&.1+&'*)! /=+*'!
1.+'/6*'1+&.*/4!1.H*%+1&.(!&=!./+10*!78'*41.!UE\!.2&4W-!]Md>T["KE!U"f\!.2&4W-!]Md>T["E"!UE\!.2&4W!&'!
/=+*'!%&>/)21.1(+'/+1&.!&=!./+10*!78'*41.m]Md>T["KE!1.!+8*!*/'4P!4178+!68/(*<!M.!/!(*6/'/+*!($9(*+!&=!
/.12/4(-! =**)1.7! Z/(!2&.1+&'*)!2/.$/44P! /=+*'! 1.H*%+1&.! &=! +8*! +'*/+2*.+(! 1.! (*6/'/+*! 7'&$6(! &=!
/.12/4(<!F1.*+P!21.$+*(!/=+*'! +8*! 1.H*%+1&.(-!/!(17.1=1%/.+!*==*%+!&=! +'*/+2*.+!&.!=&&)!%&.($26+1&.!
Z/(!&9(*'0*)!UN17$'*!"#W<!#4+8&$78!./+10*!78'*41.!1.%'*/(*)!=&&)!1.+/b*!9P!T>=&4)-!+8*!*==*%+!&=!+81(!
%&26&$.)! Z/(! .&+! (17.1=1%/.+<! c.4P! ]Md>T["E"! /.)! ]Md>T["KE! 1.%'*/(*)! =&&)! %&.($26+1&.!
(17.1=1%/.+4P! Z1+8! ]Md>T["E"! 9*1.7! E! +12*(!2&'*! *==*%+10*! /.)! ]Md>T["KE! T! +12*(!2&'*! *==*%+10*!
+8/.!78'*41.-!'*(6*%+10*4P<!N&&)!1.+/b*!Z/(!1)*.+1%/4!/=+*'!%&>/)21.1(+'/+1&.!&=!]Md>T["KE!/.)!./+10*!
78'*41.! &'! /=+*'! /)21.1(+'/+1&.! &=! 78'*41.! /4&.*<! #$+&2/+*)! =**)1.7! (+/+1&.(! Z*'*! /4(&! $(*)! +&!
2&.1+&'!%$2$4/+10*!=&&)!1.+/b*!2*/4!6/++*'.!)$'1.7!(*0*.!8&$'(!=&44&Z1.7!+8*!1.H*%+1&.!1.!/!(*6/'/+*!
(*+!&=!21%*l! /.12/4(! '*%*10*)!*/%8! +'*/+2*.+! '/.)&24P! 1.! /! %'&((>&0*'!)*(17.*)!2/..*'! UN17$'*!T!
/.)!k/94*! "W<!p8*.!)/+/!Z*'*! /./4PG*)! /(! '*6*/+*)!2*/($'*(! 1.! +8*! (/2*!2&$(*! /.)!&0*'! +12*-!
+8*'*!Z/(!/!(17.1=1%/.+!1.+*'/%+1&.!9*+Z**.!+12*!/.)!+'*/+2*.+<!]Md>T["E"!Z/(!+8*!&.4P!%&26&$.)!
+&!(+12$4/+*!/66*+1+*!*0*.!1.!21%*!+8/+!)1)!.&+!'*(6&.)!Z*44!+&!78'*41.<!M.%'*/(*)!=&&)!%&.($26+1&.!
1.! +81(! 7'&$6!Z/(! /((&%1/+*)!Z1+8! /! +*.)*.%P! +&! 1.%'*/(*)!2*/4! .$29*'-! +&+/4!2*/4! (1G*! /.)! +&+/4!
2*/4!)$'/+1&.!Uk/94*!"W<!
"8857-(08(@A#B!O/(/<01,3-3(/12(/1-/<01,3-3(01(@A(357>5-,01P(AB!64/(2/!4*0*4(!Z*'*!2&.1+&'*)!"f!





Q'>7)RP( %N&(! /%+10/+1&.!Z/(!2&.1+&'*)! /=+*'! 1.+'/6*'1+&.*/4! 1.H*%+1&.(! &=! ./+10*! 78'*41.! UE\! .2&4W-!
]Md>T["KE!U"f\!.2&4W-!]Md>T["E"!UE\!.2&4W!&'!/=+*'!%&>/)21.1(+'/+1&.!&=!./+10*!78'*41.m]Md>T["KE!










%&>/)21.1(+'/+1&.! &=! ]Md>T["KE<! #)21.1(+'/+1&.! &=! ]Md>T["E"! 1.)$%*)! /! 2&'*! 6'&.&$.%*)!
/%+10/+1&.! +8/.! /44! &+8*'! +'*/+2*.+(<! k8$(! +8*! *==1%1*.%P! &=! /%+10/+1&.! 1.! +8*! #'%F! Z/(! ]Md>




UN17$'*! E5! /.)! LW<! M.! +8*! FkV-! 1.! %&.+'/(+! +&! +8*! #'%F-! /44! +'*/+2*.+(! (17.1=1%/.+4P! 1.%'*/(*)! +8*!
.$29*'! &=! %N&(>122$.&'*/%+10*! %*44(<! ]Md>T["E"! (+12$4/+*)! %N&(! /(! *==1%1*.+4P! /(! ./+10*! 78'*41.<!
]Md>T["KE!8/)!/.!/%+101+P!/0#(10!9$+!Z/(!1.*==1%1*.+!1.!/.+/7&.1G1.7!78'*41.>1.)$%*)!%N&(<!M.!+8*!#O-!
+8*! %&26&$.)(! 8/)! )1==*'*.+! /%+101+1*(<! F/+10*! 78'*41.! /.)! ]Md>T["E"! 8/)! +8*! (/2*! *==1%1*.%P! 1.!
/%+10/+1.7!%N&(-!9$+!]Md>T["KE!Z/(!1.*==*%+10*<(
"8857-( 08( @A#B!O/( /<01,3-3( /12( /1-/<01,3-3( 01( 7G03( /7-,H/-,01( ,1( -=5( =EC0-=/9/N,7( TLAP( M.! /!
(*6/'/+*!7'&$6!&=!/.12/4(-!%N&(!/%+10/+1&.!Z/(!C$/.+1=1*)!1.!+8*!idB!UM.+*'/$'/4!41.*l!>T<f-!>T<EW<!L$*!
+&! +8*! 8178! 4*0*4! &=! %N&(! /%+10/+1&.! /.)! 8178! 0/'1/9141+P! 1.! 0*81%4*>+'*/+*)! /.12/4(-! (+/+1(+1%/4!
)1==*'*.%*(!Z*'*!.&+!&9(*'0*)!9*+Z**.!+'*/+2*.+(!UN17$'*!ERW<!k8*!.$29*'!&=!%N&(!.$%4*1!1.!0*81%4*-!
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